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ABSTRACT 
 
The inadequate removal of aconitic acid from sugar cane juice during the clarification 
process results in the acid contributing to processing difficulties, sucrose loss and extended down 
time. However, very few attempts have been made to remove the acid during normal factory 
operations. 
 Batch clarification techniques were used in this study to investigate the effect of sucrose 
concentration, temperature, pH, time, defecant, and defecant concentration on aconitic acid 
removal from a synthetic juice solution. Methodology for determining the significance of each 
parameter to aconitic acid removal involved setting up a multiple factorial experiment looking at 
aconitic acid removal across all the parameters and their sublevels using the mixed linear 
modeling procedure in SAS (statistics analysis software) and applying results to raw juice. 
 Results indicated that sucrose concentration, temperature and defecant concentration 
were the most significant parameters contributing to Aconitic acid removal, since aconitic acid 
removal was limited by cis-aconitic acid formation, the solubility of aconitates and competing 
compounds. 
 Optimizing aconitic acid removal form synthetic juice points to reducing cis-aconitic 
acid formation by clarifying at low temperatures, reducing solubility of aconitates by increasing 
sucrose concentration and providing adequate reactants for competing compounds. Optimal 
conditions for aconitic acid removal from synthetic juice, when applied to raw juice resulted in a 
marginal increase in aconitic removal. However, prospects for increased aconitic acid removal 







1.1 Raw Sugar Mill Process 
 
The production of raw sugar from sugarcane consists of a series of units of operation, 
which begins with the extraction of the cane juice from the cane stalks and subsequent removal of 
the non-sugars. This process is summarized in figure 1.1 (Broadhurst 2002). 
Sucrose is first extracted from the cane by the addition of water through counter current 
milling or diffusion. Extracted juice then undergoes an extensive process of cleaning, which 
involves screening, heating, and addition of milk of lime (calcium hydroxide) to adjust pH and 
enhance flocculation. The limed juice is then allowed to settle out suspended particles in a 
clarifier. Following the juice cleaning process the clear or clarified juice is then evaporated to 
approximately 65 % dry solids (DS) in a stepwise evaporation process. The juice, which is now 
concentrated syrup, is then put through a final fractionation of sugars from non-sugars by 
crystallization in vacuum pans via evaporation and concentration and in crystallizers by cooling. 
Centrifuging effects the final separation of the sugar from the mother liquor, and the raw sugar is 













Legend:  DJ = Draft Juice, MJ = Mixed Juice, CJ=Clarified Juice, Sy = Syrup, Ma = Massecuite 
   
                 RS = Raw Sugar, FM=Final Molasses  
 
Figure 1.1 Raw Sugar Mill Process 
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For the sugar process to be profitable attention must be given to the quality of sugar 
produced, the overall recovery of sugar, and the use of products in molasses (Fletcher et al., 
2001).   Processes prior to evaporation are paramount to achieving good sugar recovery and have 
a serious impact on the composition of final molasses. Of interest is the clarification process, 
which represents the unit of operation where major juice cleaning takes place, and where major 
non-sugar components are precipitated. However the major organic acid, aconitic acid eludes the 
clarification process, remains in the juice and is accumulated in final molasses, and contributes to 
reduced recovery of sucrose, reduced process efficiency due to scaling in evaporators, and 
affecting sugar crystallization by formation of complex bonds with the sugar crystals (Mane et al 
2002;Walthew et al 1995; Balch 1945). In addition aconitic acid also contributes to an increase in 
lime required for clarification due to its buffering capacity (Honig 1963).  
 Apart from the obvious benefit of increased sugar recovery, aconitic acid removal prior to 
crystallization would improve process efficiency due to reduced down time for cleaning 
evaporators and pans, and improve crystal quality (Balch et al 1945). In addition it would 
improve the quality of final molasses as a feed supplement and for use in fermentors, because 
aconitic acid in molasses has been cited as source of Tetany in cattle, and a contributor to scaling 
problems in fermentors (Stuart et al 1973). 
1.2. Research Objectives 
This research will be geared at investigating and quantifying the precipitation process of 
aconitate from a synthetic juice solution and, therefore examine the applicability of data and 
mechanism for precipitation to cane juice clarification. The specific objectives of the research 
will be to: 
• Investigate effects of pH, temperature and reaction time on aconitic acid removal. 
• Study the effects of varying defecant (compound added to juice for clarification) 
concentration on aconitic acid removal 
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• Establish any correlations between pH, temperature, time and defecant 
concentration effects on aconitic acid removal. 
• Establish the optimum precipitation conditions for salts of aconitic acid based on 
the effect that each parameter has on aconitic acid removal.  
 






































2.1. Cane Juice 
 Sugar cane juice composition is a complex matter. Cane juice composition may vary 
according to cane variety, geographical location, cultural practices, maturity at harvest, and also 
mechanical treatment during harvesting and transportation. The principal constituents of cane 
juice are shown in table 2.1 (Poel et al 1998). 
  Table 2.1: Cane Juice Composition on Soluble Dry Substance. 
Juice constituent   g/100g  
   soluble dry substance  
Sugars   75.0-94.0  
Sucrose   70.0-90.0  
Glucose   2.0-4.0  
Fructose   2.0-4.0  
Oligosacchaides  0.001-0.05  
Salts   3.0-4.5  
of inorganic acids  1.5-4.5  
of organic acids  1.0-3.0  
Organic acids  1.5-5.5  
Carboxylic acids  1.1-3.0  
Amino acids  0.5-2.5  
Other organic non-sugars   
Protein   0.5-0.6  
Starch   0.001-0.18  
Soluble polysaccharides 0.03-0.50  




Clarification as used in the sugar industry refers to the precipitation and removal of all 
possible non-sugars, organic and inorganic, and the preservation of the maximum sucrose and 
reducing sugars possible in clarified juice (Baikow 1982). The raw sugar process over the years 






• Phosphatation  
The overall objectives of these methods are to produce rapid settling of suspended particles in the 
clarifiers, raise juice pH while lowering the percent volume of sediments or “mud” and producing 
a clear liquid. In addition, clarification should also produce a juice of high clarity with minimum 
unfavorable effects on the subsequent recovery of sucrose from the clarified juice through 
maximum removal of non-sugars at the earliest possible stage in the process.   
2.2.1. Defecation 
Defecation is the addition of milk of lime (Ca (OH)2) to mixed juice or lime saccharates; 
which is by far the most commonly used method in the sugar industry. Lime is added to raise 
juice pH from approximately 5.2 to around 7.5-7.8; lime reacts with inorganic phosphates present 
in juice to form calcium phosphate floc which sweep insoluble impurities from the juice mixture. 
Lime may be added batch wise or as a continuous mixture to juice. The lime addition may be to 
cold juice (35-40oC), intermediate juice (72-76oC) or to hot juice (100oC). 
The overall chemical reactions of defecation involve (Doherty et al 2002): 
• The precipitation of amorphous calcium phosphate 
• Denaturing of proteins (and other organics, such as gums pectins and waxes). 
• Inversion of sucrose due to the combined effect of pH and temperature. 
• Degradation of reducing sugars to organic acids due to high pH and temperature. 
• Precipitation of organic and inorganic salts. 
• Hydrolysis of starch by natural amylase in the juice. 




There are conflicting results concerning the use of magnesium oxide as a clarifying agent. 
Hugot (1972) sees the use of magnesium oxide in a similar fashion as done with calcium oxide in 
defecation as significantly superior to lime, producing juice that had good clarity with purity rise 
of more than 2 points, but points out that if magnesium oxide is used in excess it may result in 
increased scaling in heaters and evaporators. Baikow (1982) on the other hand outlines that lime 
can be replaced with magnesium oxide to reduce scaling of evaporators, but noted that 
clarification with magnesium oxide is not as good as with lime. 
 The reaction of magnesium is slower than that of calcium and increases with temperature 
and pH. Hugots clarification with magnesium was done at an initial pH of 9.2 and temperature of 
90oC while, Baikow used an initial pH of 8.0-8.5 but did not outline the temperature used. The 
time of clarification is also important but neither authors outlined the clarification time. 
Magnesium reacts slower and therefore would require a longer clarification time.  If clarification 
time is not long enough reactions with magnesium still occurring may contribute to scaling in 
clarified juice heaters and evaporators. On the other hand if juice is heated adequately and 
allowed to completely react in clarifiers, magnesium will precipitate out and consequently result 
in clarified juice of a better quality. 
2.2.3. Sulphitation 
Sulphitation is an auxiliary process that may accompany defecation. This process is 
carried out with lime and sulphur dioxide as the clarifying agents. In sulphitation more lime is 
added to raw juice than in normal defecation, this excess lime is neutralized by the sulphur 
dioxide added (Honig 1963). 
 Methods of sulphitation take similar form as in defecation, with the addition of lime and 
sulphur dioxide being carried out while the juice is in its hot or cold stage. The order in which 
sulphitation is carried out is also of interest as the sulphur is often added before the lime or vice 
versa. Each method has its advantages, but the addition of sulphur dioxide first is normally 
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preferred because it provides better coagulation especially in the case of processing juice from 
immature cane (Hugot 1972). Overall advantages of sulphitation as compared to ordinary 
defecation includes, better settling juice which is less viscous and faster boiling with lower color 
and better elimination of waxes and phosphates leading to a better quality sugar. However, the 
use of sulphitation has shown to result in heavier deposits in heaters, higher ash content of sugar 
produced and overall, sulphitation has proven to be a more expensive process (Hugot 1972).   
2.2.4. Carbonation 
Carbonation, like sulphitation is used in conjunction with liming. It is the addition of 
carbon dioxide and lime to the juice; this reaction precipitates calcium carbonate in the juice that 
entraps coloring matter, gums and other non-sugars. Carbonation is generally carried out at 
temperatures below 55oC as higher temperatures result in the destruction of reducing sugars. The 
method by which carbonation is done varies and may be single (one addition of carbon dioxide to 
the juice either before or after the addition of lime), double (where carbon dioxide is added to the 
juice and it is then filtered then a second stage of carbonation is carried out) or de Haan 
carbonation which is the addition of lime and carbon dioxide simultaneously. The difference 
between each method has to do with how many times carbon dioxide is added to the juice mixture 
and the way in which it is added (Hugot 1972). 
2.2.5. Phosphatation 
Posphatation is the addition of phosphoric acid to juice to aid in clarification. The 
phosphoric acid is generally added before liming, the acid precipitates part of the colloids and 
coloring matter in the juice while the lime mainly precipitates tricalcium phosphate which is 
difficult to filter. The method of posphatation normally results in the use of more lime due to the 
drop in the pH from the phosphoric acid addition. The amount of phosphoric acid added depends 




2.3 Effects of pH in Juice Clarification 
  Rein (2002) outlined the importance of pH in clarification, indicating that a pH of about 
7 is necessary to neutralize the charge on the fine suspended particle in the juice to facilitate 
coagulation and settling. In addition, pH is important to the rate at which certain reaction occurs 
especially the precipitation of calcium phosphate.  The juice pH was shown to have implications 
on the inversion losses, color formation, loss of sugar, sugar quality, and scaling in subsequent 
processes. Studies conducted by Saska (2002) also indicated that sucrose loss as a percentage of 
total sucrose per hour in clarifiers increase as the pH increases, and range from 3% at a pH of 5 to 
0.1% at a pH of 6.5.  
2.4. Effects of Time in Clarification 
The retention time of juice in the clarifiers has a great effect on the juice and its 
components. If the juice is refractory or contains a large proportion of suspended matter it may be 
logical to hold the juice in the clarifier for a longer period of time. However excessive capacity 
clarifiers that hold juice for long periods result in higher levels of inversion (Baikow 1982). The 
minimum retention time recommended for the RapiDorr 444 clarifier is 2 hours and a maximum 
of 3 hours. The retention time may vary according to the type of liming technique utilized as 
some methods may result in a slower settling juice or the reactions of the defecant in the juice 
may be slower and require more time than other methods. 
2.5. Effects of Temperature in Juice Clarification 
 The effect of temperature in juice clarification is multifaceted as it not only prohibits 
microbial activity but also accelerates the rate at which chemical reactions occur in the juice.  The 
effect of temperature in juice clarification is best described as a comparison between hot and cold 
liming although intermediate liming is sometimes practiced (liming at juice temperature of 72-76 
oC). Cold liming as carried out in some Louisiana factories is the continuous addition of lime to 
lime tanks as water slurry at ambient temperature. The limed juice is then heated to about 105 oC 
where it is flashed and then goes into the clarifier for settling. In hot juice liming the lime slurry is 
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added when the juice is at the heated juice temperature of 103 oC - 105 oC after which it goes on 
to settling in the clarifiers. 
  Investigations carried out into the effects of cold versus hot liming done in two 
Louisiana raw sugar factories over the course of the 1998 milling season, indicated that hot 
liming was more favorable as it removed more color, dextran, oligosaccharides and produced 
clarified juice with lower calcium levels, but results in higher mud levels and a slower floc 
settling rate (Eggleston 2000). Doherty et al (2002) confirmed some of the findings by Eggleston 
regarding mud volumes and settling rate of juice clarified by hot liming, but points to the main 
advantage of hot liming as being a reduction of scale formation in juice heaters and evaporators 
as a result of increased calcium removal.  
There is still ongoing debate about which liming technique is most effective since the 
literature has failed to examine the underlying chemistry of the clarification process, and there are 
speculations about the validity of results presented on the efficacy of the different liming 
methods. 
2.6. Chemical Reactions of Clarification 
The chemical reactions that occur during cane juice clarification are not fully understood. 
It is fundamental however that those reactions with lower free energy content would take place 
preferentially, with reactions requiring lower energy completing first. 
 Defecation as outlined earlier is the most used method of clarification; therefore in 
looking at the reactions in clarification, defecation will be the clarification method of choice. 
 The solubility of calcium oxide in water is about 0.12% at 25 oC, but it is greatly 
increased in a solution of sucrose. The solubility however decreases with an increase in 
temperature. Calcium hydroxide being a relatively strong base of a divalent metal ionizes in 
solution to give CaOH+ and OH-. The secondary ionization is low, with less than 10 % of calcium 
as Ca++ in sucrose solution containing 0.3-0.5 % calcium oxide (Honig 1963). 
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The reaction of lime and phosphate in juice precipitate calcium phosphate. This reaction 
is rather complex due to the reactions of phosphoric acid, calcium hydroxide, and the presence of 
other organic and inorganic compounds. Calcium phosphate reaction rate has been shown to be 
very low and the precipitate formed in two forms, tri-calcium phosphate Ca3(PO4 )2 , and calcium 
hydrogen phosphate CaHPO4. The formation of calcium hydrogen phosphate has been shown to 
have a faster reaction rate, and as it approaches completion the rate of the formation of tri-
calcium phosphate increases. The rates of both reactions are greatly increased at high 
temperatures and result in an increase in the hydrogen ion (H+) concentration, which has been 
suggested as a contributor to the drop in the pH observed when juice is heated. Approximately 
80-90% of the phosphate present in juice is precipitated with lime. It was shown that at a pH of 
about 8.5, about 99% of the phosphate present in juice is precipitated (Mead 1963).  
Other calcium salts are precipitated in clarification, these may include sulfate, aconitate, 
oxalate, tartrate, and citrate salts. These salts are normally precipitated in small quantities, but 
variations do occur depending on the quality of the juice. The sulfate content of cane juice is 
highly variable and approximately 20% is removed by liming to pH in the range 7-8 (Honig 
1963). 
 The organic acids in juice are responsible for the natural pH of the juice (5.2 - 5.4) as 
well as the buffering capacity of the juice, which is mainly due to the juice aconitic acid content. 
The aconitate concentration of raw juice range from 0.6 to 2% on dry solids (DS) with an average 
of 1.1% DS, less than 10% of aconitate is removed during clarification. The presence of other 
organic acids such as lactic, formic, acetic, propionic, and butyric acids are generally a result of 
microbial or chemical decomposition of sugars (Saska 2002).  
Another component of cane juice is silica. Silica is present in the juice in the form of 
dissolved silica, colloidal or suspended silica or as silicates. On average it is 0.42% of solids in 
mixed juice. Most of the suspended silica is removed by liming (Fort 1939). 
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Magnesium, iron and aluminum occur in juice to a lesser extent. The magnesium 
composition may however sometimes exceeds the calcium content of the raw juice. Saska and Gil 
(2002) found that the magnesium content in juice appear to increase as the season progressed. 
The magnesium content of raw juice starts at about half that of calcium and become about equal 
at the middle of the season, but become substantially higher towards the end of the season. 
During clarification magnesium is not precipitated totally; results show that magnesium 
precipitation is only about 21%  (Fort 1939). It was shown by Bond (1925) that at higher pH the 
increase in calcium ion concentration is paralleled by the decrease in magnesium ion, indicating 
that the magnesium precipitated is replaced by calcium.    
Other inorganic elements present in the juice are potassium, sodium, and chlorine. These 
are found in ionic forms and are unchanged by the process of clarification with lime. 
Reactions of organic substances such as sucrose and reducing sugars are undesirable in 
the clarification process. Reaction of sucrose that may occur includes the hydrolysis of sucrose to 
reducing sugars (D-fructose and D-glucose) as follows: 
 
C12 H 22 O11   + H2O    → C6 H12 O6   +    C6 H12 O6 
 
 
The reaction is irreversible and is accelerated at low pH and at high temperatures. However, this 
reaction is negligible at pH above 7.2.  The sucrose loss during hydrolysis is irreversible and 
hence it is important that this reaction be kept to a minimum during clarification. 
 Reducing sugars on the other hand are naturally occurring in cane juice as glucose, 
fructose and mannose. Mannose is found only in minute quantities, but together the reducing 
sugars are the second most abundant component in juice calculated on dissolved solids. Unlike 
sucrose, reducing sugars are very stable at low pH, but are readily oxidized under alkaline 
conditions of pH at or above 8. The oxidation of reducing sugars is undesirable since the products 
D-Glucose D-Fructose
 12 
of the oxidation are acids and brown color compounds that impart color to the crystals (Honig 
1963). 
 The remaining compounds existing in juice are mainly nitrogenous in nature of which 
amino acids represent the largest percentage (0.0122 % of juice) (Honig 1963). Other components 
include gums, pectins, waxes resins and fats. These components are generally present in very 
small proportions. Gums may represent form 0.02-0.05 % of juice while pectins may be as low as 
0.1%.  Pectins however have a pronounced effect on the increase in viscosity of syrup and 
molasses. Waxes, resins and fats are found in the cane juice in suspension, and may rise to the 
surface of the juice as scum while a part may be precipitated during clarification (Honig 1963). 
2.7. Physical Chemistry of Clarification  
From a practical point of view the following results are desirable for good clarification (Honig V1 
1963):  
• Complete precipitation and coagulation  
• Rapid rate of settling 
• Minimum volume of settling 
• Dense settling 
• Clear juice 
The temperature, pH, quantity of lime, mechanism of the process, coagulants and any other 
expedients added determine the final physical characteristic of the process. Ultimately settling is 
determined by the physical characteristics of the precipitate formed and the sweeping effect of the 
solid-liquid medium. 
 The precipitate present in the juice may be coarse suspended matter or colloids. The 
coarse suspended particles in cane juice consist primarily of soil, bagacillo and wax. The rate of 
settling of these particles is governed by the particle size, shape density and the electrical charge 
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of the particles as well as the density and viscosity of the medium. If the charge on the particle is 
assumed negligible then the settling velocity is given by the Stokes law as:  
 
 Where V   = velocity of settling (m/s) 
      Dp = diameter of the particle (m) 
      ρs    =density of the solid (kg/m3)    
                                                         ρl   = density of the liquid (kg/m3) 
        µ   = viscosity of the liquid (kg /m.s) 
Settling rate of the coarse suspended particle will depend on the effective diameter of the particle, 
the difference between the density of the particle and the liquid it is suspended in, and the 
viscosity of the liquid. Therefore the greater the density differential the faster the particle will 
settle (Honig 1963). 
 Colloids present in cane juice may be lyophylic (colloid having strong affinity for the 
liquid in which is dispersed) and lyophobic (colloid lacking affinity for the liquid in which it is 
dispersed). Their presence in cane juice is highly unfavorable as they may prevent coalescence of 
suspended particles during clarification. Lyophylic types are mainly organic compounds that may 
be pectins pentosans and proteins, and are characterized by their strong affinity for the liquid. 
This results in a high degree of hydration, swelling and viscosity. 
Lyophobic colloids on the other hand are less hydrated and represent a more stable 
dispersion having little effect on the liquid viscosity. The main lyophobic colloids present in the 
cane juice are fats and waxes, soil particles and other extraneous materials derived from milling 
operations. However if juice was exposed to heightened microbial activity then additional 










Colliodal particles in sugar cane juice normally carry a negative charge. These charges 
stabilize the colloidal system and prevent quick sedimentation by causing particles to repel each 
other. To initiate precipitation Bennett (1973) outlines three methods. 
 Firstly, the neutralization of the negative charge, as the magnitude of the charge is pH 
dependent, and can be neutralized by the addition of organic surface-active cations or polyvalent 
inorganic cations.  
Secondly, the reduction of the degree of hydration may be used to foster precipitation. 
When juice is heated to the boiling point a dehydration of colloidal particles and denaturing of 
proteinaceous matter occurs. This proteinaceous matter coagulates and deposits on the colloidal 
particles. 
 Thirdly, the introduction of a bridging mechanism such as a synthetic polymer (polyacrylamide) 
may aid precipitation as each site on the polymer chain can attach a cluster of particles.  
2.8. Clarification Control 
 Sugar factories normally employ several techniques for process control and automation. 
These range from pneumatic controllers, analog electronic controllers, and digital controllers to 
programmable logic controllers. However in some sugar mills the operator still has to perform 
some operations manually.  
Clarification control involves primarily the control of juice pH, which is affected by juice 
and lime flow, and juice temperature. The basic type of control used in clarification is continuous 
control. Continuous control is divided into open loop and closed loop control. In open loop 
control the signal is derived dependent on the variations of the main disturbing variables. In juice 
clarification the variation in the juice flow rate and density of milk of lime are used to determine 
the flow rate of the milk of lime. In closed loop control, the system compares the controlled 
signal to the set point (control desired) and generates a command signal to an actuator. In 
temperature control a closed loop controller drives the steam control valve. Juice temperature 
sensor send continuous signals to the controller which in turn signals the actuator which opens or 
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close a steam valve depending on the signal. The most important closed loop controller is a PID 
controller. In a PID control the signal is equal to the sum of the Proportional, and an Integral and 
Differential term of the controlled error (difference between the controlled value and the set 
point). 
 Lime addition has traditionally being done through an automatic adjusted splitter box, 
but factories are now moving towards using a static mixer installed in the juice line. A peristaltic 
pump fitted with a variable speed drive, is used to pump the lime into the stream, but these have a 
disadvantage in that these drives have operating limits and juice flow rates may vary resulting in 
over liming or under liming of the juice (Meadows 1996). 
 Control of pH is almost universally done by using a standard control loop where lime 
flow is controlled based on the pH of the limed juice. Signals from the pH probe are used to 
control the flow of lime via a controller and actuator. It is important that the pH probe is located 
at a point were the lime and juice is properly mixed, not to close or to far from the lime addition 
point. This will help to prevent erratic changes in juice pH and provide for better pH control 
(Meadows 1996).       
2.9.Aconitic Acid  
Aconitic acid is the major non-nitrogenous acid found in extracted cane juice. Being an 
unsaturated acid (carbon-carbon double bond) it can exist in two geometric forms, the trans 
isomer (1,2,3-propenetricarboxylic acid, C6H6O6) and the cis isomer, which is formed from 
increasing the temperature and buffer capacity of the juice. In solution the trans converts to the 
cis isomer until an equilibrium state is attained (Walford 1998). 
 Aconitic acid has physiological effects similar to those of citric acid, from which it can 
be derived by dehydration. It is a white-to-yellowish crystal-line solid, melting at about 195oC, is 
soluble in water and alcohol, and is corrosive. The solubility in water increases from 18.6g/100ml 
at 13oC to 110.7g/100ml at 90oC (Paturau 1989). 
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Properties of the complex calcium and magnesium salts of aconitic acid shows that the 
hexahydrate of the calcium salt which is soluble in water to about 1%, is transformed to the much 
less soluble trihydrate at temperatures above 80 oC. The hexahydrate of the calcium magnesium 
salt is less soluble than either form of the calcium salt and is formed most readily on heating. 
Amorphous precipitate exhibit similar characteristics of becoming less soluble at elevated 
temperatures and reconversion to the soluble hexahydrate is gradual. The solubility of these salts 
are lower in sugar solution than in water, that of the calcium salt decreases from about 1% to only 
0.2% in a 50% sugar solution at 27 oC (Honig 1963). 
2.10. Aconitic Acid in Sugarcane 
Behr established the natural origin of aconitic acid in sugarcane in 1877. It was 
established by Balch in 1945 that aconitic acid content vary widely in different parts of the 
sugarcane plant; starting with a low concentration at the base of the stalk and increasing along the 
length of the stalk to the shoot where the concentration of the acid is the highest. It was also 
found that the Aconitic acid content of sugar cane varied according to soil type, geographical 
locations, and sugarcane variety. 
The concentration of aconitic acid appear to decrease with increase maturity of the sugar 
cane plant and is about 1% on DS at full maturity. The physiological function of aconitic acid in 
sugar cane is not clear, it is postulated that it acts as a stabilizer for reactions of juice in various 
plant tissues (Balch 1945).  It was observed by Mane et al (2002) that cane varieties exhibiting 
high aconitic acid content normally have lower purities and vice versa. Sugar cane with a high 
aconitic acid content usually contains less recoverable sugar (Honig 1963). Cane exceptionally 
high in aconitic acid usually gives low yields. As a result of the short growing season in 
Louisiana and Florida cane harvested from this region have aconitic acid content of between 0.1 
and 0.2 % on cane, with the resulting molasses containing 3-7% aconitic acid on dry solids (DS) 
(Honig 1963).   
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2.11. Role of Aconitic Acid in Sugar Processing 
Sugar processing streams contains from 1% to 1.8% of aconitic acid on DS, adversely 
affecting process economics (Balch 1945). Organic acids are a probable cause of the formation of 
mellasigenic substances in the sugar manufacturing process, inhibiting sugar crystallization by 
entering into complex reactions with sugars and other organic constituents of sugarcane juice 
(Shahabaz and Qureshi 1980; Hanine, Mourgues et al. 1992).  Clarification of juice result in a 
reduction of total aconitic acid present; small proportion of the organic acid is precipitated during 
processing when lime is added to mixed juice, which increases the amount of lime required to 
attain the necessary final pH (Hanine, Mourgues et al. 1990; Honig 1963; Gupta and Chetal 1966; 
Fournier and Vidaurreta 1971). The method of clarification also seems to have a significant effect 
on the amount of aconitic acid removed. French researchers Hanine, Mourgues and Molinier in 
1990 claimed that clarification by double carbonatation removes the largest quantity of aconitic 
acid (78.8%), while defecation removes 73.8%, phosphatation by addition of calcium 
superphosphate removes 10.2%, phosphatation by use of phosphoric acid and milk-of-lime 
removes 18.7%, and sulphitation removes 16.3%. Claims made by the French researchers 
concerning aconitic acid removal during defecation are inconsistent with results observed by 
Saska (2002) and reports by Honig (1963). Both reported aconitic acid removals of less than 
10%, which is significantly different from the French results. These disparities in results points to 
possible varying clarification conditions or a result of the source and quality of the juice used in 
the testing. The French report was not detailed enough in outlining the conditions which resulted 
in the increased aconitic acid removal thus an interest in how higher percentage removals could 
be achieved in the mill was raised. 
Aconitic acid is also removed during evaporation in the form of salts of aconitate which 
produces a scale on heating surfaces thus having an adverse effect on the rate of heat transfer 
(Honig 1963; Doolan 1953).  It may be concluded that most of the aconitic acid which enters with 
the juice becomes concentrated in the syrup and eventually in the molasses. There is evidence that 
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the aconitic acid in molasses exists in part as an insoluble compound and sediments, which 
separate from diluted molasses by centrifuging, and have been found to contain from 16% to 35% 
aconitic acid (Balch 1945). The solubility of the salts of the organic acids are sufficiently high 
that large quantities remain dissolved in solution and are carried through subsequent steps of the 
process to accumulate in the molasses (Honig 1963; Gupta and Chetal 1968). Thus making 
molasses a possible source for the recovery of aconitic acid for commercial purposes.  
2.12. Aconitic Acid in Scale  
Scaling takes place when the scaling components become supersaturated in the 
concentration process, as is the case with calcium aconitate. Scaling from organic 
substances results from coagulation effects caused by high temperatures and 
concentration not achieved in the clarifiers. Composition of evaporator scale varies from 
factory to factory and from season to season or even within each season .The composition 
of the scale is determined by the concentration of the scaling components in the 
evaporator juice and the concentration and temperature of the juice in successive 
evaporator vessels. It was found by Walthew (1995) that scales in the last bodies 
contained more aconitates than earlier bodies. Scales formed, as salts of aconitate can 
prove difficult to remove by manual scrapers and have to be removed by mechanical or 
chemical means.  Aconitates are present in scale as calcium aconitate trihydrate (CaAA) 
or calcium magnesium aconitate hexahydrate (CaMgAA) and have very low heat 
conductivity.  
2.13. Methods of Aconitic Acid Extraction 
In Louisiana aconitic acid was first recovered from molasses in the 1950’s. Ventre (1940) 
demonstrated the possibility of removing the dicalcium magnesium aconitate hexahydrate by a 
precipitation method involving: 
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• Molasses dilution to 55 %DS 
• Adjusting pH to 7 with lime slurry 
• Limed molasses heated to 93 oC 
• Controlled addition of calcium chloride to complete precipitation 
• Centrifuging to separate aconitate slurry 
• Dilution and further centrifuging of aconitate slurry 
• Dry and crush solid aconitate 
Regna and Bruins (1956) proposed improvement of the precipitation process involved the 
addition of methanol to decrease the solubility of the aconitate. This precipitation method 
involved the following basic steps: 
• Dilution of molasses with water 
• Addition of lime, magnesium chloride and methanol 
• Heating to precipitate insoluble dicalcium magnesium aconitate hexahydrate 
• Dissolution of filtered crystals in sulphuric acid followed by re-crystallization. 
This process was estimated to yield aconitic acid in the range of 70-75% of initial Aconitic acid 
in molasses.  
 Direct extraction of aconitic acid from molasses was also considered using ion-exchange 
resins and solvent extraction (Hanine et al 1992; Barnes et al 2000; Malmary et al 1995; Hill et al 
2001). 
The method of solvent extraction proposed by Regna and Bruins involves: 
• Dilution of molasses 
• Acidification of molasses with sulphuric acid 
• Centrifugation to remove calcium sulphate 
• Centrifuged molasses to extractor (packed bed counter current flow of molasses and 
methyl ethyl ketone in 12 % water solution as the extracting solvent). 
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•  Settling of extract 
• Evaporation and concentration of extract under partial vacuum  
• Concentrated liquor/solid is centrifuged to remove crude aconitic acid solids. 
• Re-dissolving and decolorizing of aconitic acid with carbon 
• Re-crystallization of aconitic acid in batch vacuum crystallizers 
• Centrifugal removal of aconitic acid crystals. 
Regna and Bruins summarized the ion exchange method as: 
• Dilution of molasses to 50% solid 
• Diluted molasses is passed through ion exchange columns containing Amberlite 1R-4B, 
which remove aconitate ions. 
• Elution of resin with sulphuric acid to give aconitic acid rich fraction. 
•  Vacuum evaporation of aconitic acid rich solution 
• Dilution and rinsing with bentonite and pumped through a resin bed to remove color. 
• Preheating and concentration under vacuum. 
• Centrifuging of resulting solid /liquid solution to remove aconitic acid crystals. 
The solvent extraction method yielded aconitic acid recovery of over 90%, while the use of 
the ion exchange method gave yields of over 97%. These methods have not been employed due to 
the cost of setup and operation.  It is generally considered that unless the aconitic acid content of 
the molasses is 3 % or higher, the recovery of aconitic acid would not be economical (Paturau 
1989). 
2.14. Quantifying Aconitic Acid and Aconitates 
 Aconitic acid may be determined by titrating a known quantity of pure aconitic acid 
against standard aqueous potassium permanganate (KMnO4) at boiling temperature under strong 
acidic conditions. The aconitic acid is separated as lead aconitate from molasses, followed by 
decomposition of the latter with hydrogen sulphide (H2S). The aconitic acid liberated is estimated 
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by titrating it under strong acid conditions at boil, against standard potassium permanganate 
solution (Mane et al 2002).  
 More contemporary techniques of analysis for aconitic acid involve the use of High 
Performance Liquid Chromatograph (HPLC) and x-ray diffraction (XRD) techniques. 
 HPLC is a method of separating one chemical from another based on their functional 
group interaction with the analytical column substrate. HPLC techniques involve pumping a 
solution at high pressure and precise flow rate through a tightly packed column of particles that 
are less than 10µm in diameter. Components in a mixture are separated by migration rates, which 
result from differing interactions with mobile and stationary phases. Components are detected 
bases on their absorption of ultra violet (UV) light using a UV detector or detected based on their 
conductivity using an electrochemical detector, which results in a peak recorded on a strip-chart 
recorder or an integrator. The recorded peaks will always occur at the same retention time for a 
given component, and the area or height of each peak is proportional to the concentration of that 
particular species in the sample. 
HPLC techniques are widely used in the sugar industry for the analysis of sugar and 
organic acids. Of interest are analysis done by Celestine et al (1988) and White (Personal 
communication, April 2002). Celestine et al illustrated that organic acids in sugar cane juice 
could be successfully separated and quantified using HPLC. White successfully used HPLC 
technique to quantify organic acids and sugars for mills across Louisiana. Celestine et al showed 
that the different organic acid separated in fifteen minutes or less. However the time for complete 
analysis was around 90 minutes. The method utilized by Celestine et al was considered 
satisfactory, as all the nine organic acids tested were successfully quantified. White illustrated 
that the organic acids in addition to other major anions amounting to sixteen components, can be 
completely analyzed in 65 minutes. Both results confirm trans-aconitic acid as the major organic 
acid in cane juice and molasses. 
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 XRD techniques are founded on the basis of Bragg’s principle, which states that X-rays 
reflected from the surface of a substance has traveled less distance than X-rays reflected from the 
plane of atoms inside the crystal. The penetrating X-ray travels down to the internal layer, 
reflects, and travels back over the same distance before it gets back to surface. The distance 
traveled depends on the separation of the layers and the angle at which the X-ray entered the 





When X-ray strikes an atom, the wave like character of the X- ray causes electrons, 
protons and neutrons to vibrate. The oscillating electrons reemit radiation at almost the same 
frequency and wavelength as the incoming beam. This process is called scattering, and is 
different for all elements. As X-ray scatter in different directions, they interact with electron 
clouds in various ways. Overall those scattered at high angles to the incident beam are less 
intense than those scattered at low angles.  
  An X-ray diffractometer measures the intensity of the diffracted beam, thereby providing 
information on the atomic level spacing (d-spacing) of crystal planes within the lattice of a 
sample. The d-spacing is used to discover specific information about a crystal structure of the 
phases (phase is commonly used in mineralogy to refer to the particular crystal structure in which 
a compound is found) formed by the components in the specimen.  Each d-value corresponds to 
sets of planes, and the intensity is a measure of how many atoms are on those planes. Because 
each mineral has a different crystal structure, each yields a different pattern. For mineral 
identification, measured d-spacing and intensities are compared to reference database of the Joint 
)sin(2 θλ dn =
λ = wave length of the rays 
θ = angle between the incident rays and the surface of  
      the crystal. 
d = spacing between layers of atoms. 
n = integer (whole number) 
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Committee on Powder Diffraction Standards (JCPDS).  XRD may give quantitative measurement 
through standardized measurement of the relative height of the peaks produced by the 
diffractogram. In the absence of standards however, it is commonly used to indicate species of 
compounds. 
 Walthew (1995) used XRD to analyze scales from South African sugar mills, illustrating 
that calcium aconitate trihydrate and calcium magnesium aconitate hexhydrate were major 
components of evaporator scales collected from mills across the crushing season. No 
corresponding pattern matched in the official JCPDS index, therefore samples of calcium 
aconitate and magnesium aconitate were made and the patterns correspond to that obtained from 
the mills. 
2.15. Aconitic Acid as a Byproduct 
Paturau (1989) outlines the use of aconitic acid in the preparation of plasticizers and 
wetting agents. Aconitic acid is also used as an antioxidant, and is used in organic synthesis and 
as a flavoring agent. Honig (1963) points out more specific uses of aconitic acid, which sparked 
attempts to recover the acid from molasses in the 60s. Esterification of aconitic acid with higher 
alcohols produces derivatives of high molecular weight and very low volatility, which found uses 
in plasticizers, particularly in vinyl plastic where aconitic acid is used to stabilize the product 
against darkening on exposure to light. Aconitic acid was also found to be a very effective 
surface-active agent, and detergents are prepared by reacting esters of aconitic acid with sodium 
bisulfite. Itaconic acid that is also used in the manufacture of plastic can also be prepared from 
aconitic acid or calcium aconitate by acidfification to a pH between 2 and 3 with sulfuric acid 
when heated under pressure to approximately 121 oC.  
Since the 60s no known industrially tried method to extract aconitic acid from molasses 





MATERILALS AND METHOD 
 
The experimental procedures are presented in two sections as: 
1. General experimental procedures 
2. Specific experimental procedures 
The general experimental procedures cover routine analytic procedures employed in the 
laboratory. Specific experimental procedures cover operations relating to aconitic acid removal 
trials. 
3.1  General Experimental Procedures 
A. Collection and Preservation of Samples: Raw juice and filter cake samples were collected 
from the Cora Texas sugar mill during the 2001 to 2002 milling season. The samples 
were stored in the freezer prior to use. The samples were thawed and thoroughly mixed 
before each experiment. 
B.  Synthetic Juice 
 Synthetic juice at 15 % Dry solids (DS) was prepared for batch trials with the following 
composition: 
1. Sucrose 150g/ L  
2. Trans-aconitic acid 1.5g/L 
3. Sulfate      0.3g/L 
4. Phosphate 0.15g/L 
Concentrated synthetic juice at 60% DS was prepared for batch trials with the following 
composition: 
1. Sucrose 600g/L 
2. Trans –aconitic acid 6g/L 
3. Sulfate 1.2g/L 
4. Phosphate 0.6g/L 
 25 
C. pH adjustment for synthetic and concentrated synthetic juice was done with potassium 
hydroxide prepared at concentrations of 1, 3, 6, and 12 normal. 
D. DS (soluble solids in Juice): DS was determined using a Bellingham and Stanley 
Refractometer model number RFM340. 
E. pH: Sample pH was determined using a Orion glass electrode pH meter (electrode model 
number 5993-28) . The instrument was calibrated before each experiment and the measurements 
taken at known temperatures. 
F. Cation: Determination of calcium and magnesium components in each sample was carried out 
using high performance liquid chromatography (see section 3.3.1.). 
G. Anions: Determination of the anionic content of the sample was done using high performance 
liquid chromatography (see section 3.3.2.). 
H. Aconitates: Salts formed during batch clarification trials were determined by x-ray diffraction 
techniques. 
I. Dilution. Samples for HPLC analysis were diluted to 0.3% DS. That is samples that were in the 
range of 15% DS were diluted to 4g/200ml and samples that were approximately 60 %DS were 
diluted to 1g/ 200ml. 
3.2.    Specific Experimental Procedures 
3.2.1. Aconitic Acid in Filter Cake 
The determination of aconitic acid in filter cake was undertaken to quantify the extent to 
which aconitic acid was removed during standard mill clarification process. The extent to which 
the acid salt dissolved in water was first established and the solubility results are illustrated on 
page 37.   
A. Approximately 5g of raw filter cake was weighed and dissolved in 100 ml of de-
ionized water. 
B. Solution was mixed on a stir plate for about 20 minutes. 
C. 20 ml of the solution was filtered with a 0.45µm filter for analysis.  
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3.2.2. Aconitic Acid in Raw Juice 
A. Raw juice was thawed, properly mixed and filtered with Whatman 185mm filter. 
B. 5ml of juice was collected for analysis 
C. 4g of sample was weighed and diluted to 200ml for HPLC analysis. 
3.2.3. Preparation of Tricalcium Aconitate Trihydrate Ca3(C6H3O6)2.3(H2O) 
  This salt was prepared by method employed by Doherty et al (1996). 
A. Aconitic acid was neutralized with potassium hydroxide to make 0.2 M potassium 
aconitate. 
B. pH of 0.2 M potassium aconitate was adjusted to 6 .0  with 1N hydrochloric acid. 
C. The solution was heated in a water bath to 85 oC.  
D. 0.3 M calcium chloride was prepared. 
E. Calcium chloride solution was adjusted to a pH of 6.0. 
F. Calcium chloride solution was rapidly added to the heated potassium aconitate 
solution. 
G. The mixture was maintained at 85 oC. 
H. Crystallization was induced by rubbing a glass rod on the side of the flask. 
I. The precipitate was left in solution for 15 minutes to digest. 
J. The solution was filtered and washed repeatedly with hot distilled water. 
K.  The precipitate was dried over night in vacuum oven at ambient temperature to 
constant weight. 
3.2.4.Dicalcium Magnesium Aconitate Hexahydrate, Ca2Mg(C6H3O6)2.6(H2O). 
This salt was prepared according to methods outlined by Doherty et al 1996. 
A. 100 ml of a 0.2 M aconitic acid solution was prepared.  
B. 100 ml of a 0.3 M calcium carbonate solution was prepared. 
C. 100 ml of 1M magnesium hydroxide solution was prepared. 
D. pH of aconitic acid solution was adjusted to 5.4 with calcium carbonate solution. 
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E. pH was further adjusted to 6.5 with magnesium oxide solution. 
F. Solution was heated for 3 hours at 95oC in a steam bath. 
G. Precipitation was induced by scratching the side of the flask. 
H. Precipitate was washed and dried as outlined previously. 
3.2.5. Solubility of Salts of Aconitic Acid in Water and Ethyl Alcohol 
The solubility of the acid salt was determined to establish the extent to which washing 
results in loss of the precipitate. All the solubility experiments were carried out at room 
temperature of 25 oC. 
3.2.5a. Solubility Test for CaAA Trihydrate 100 % Ethyl Alcohol. 
A. 1g of CaAA were weighed in duplicate. 
B.  5g of 100% ethyl alcohol was added to each weighed sample. 
C. Solution was allowed to shake for 24 hours on a shaker at ambient temperature. 
D. The Refractometer DS of the solution was measured. 
E. The solution was filtered and the cake weighed. 
F. Cake was vacuum dried at ambient temperature for 24 hours. 
G. Cake was weighed after drying. 
3.2.5b. Solubility Test for CaAA in 50 Trihydrate % Ethyl Alcohol 
A. 1g of CaAA were weighed in duplicate. 
B. 2.5g of 100 % ethyl alcohol was added to each sample. 
C. 2.5g de-ionized water was added to each sample. 
C. Steps B through G of 3.2.5a was repeated. 
3.2.5c. Solubility Test for CaAA Trihydrate in Water. 
     A. 1g of CaAA were weighed in duplicate. 
B. 5g of de-ionized were water added to each sample. 
     C.   Steps B through G of 3.2.5a were repeated. 
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3.2.5d. Solubility Test for CaMgAA Hexahydrate in Water. 
     A. 1g of CaMgAA were weighed in duplicate. 
B. 5g of de-ionized water were added to each sample. 
C. Steps B through G of 3.2.5a was repeated. 
3.2.5e.Solubility Test for CaMgAA Hexahydrate in 100 % Ethyl Alcohol 
A.   1g of CaMgAA were weighed in duplicate. 
B.   5g of 100 % ethyl alcohol were added to each sample. 
C.   Steps B through G of 3.2.5a were repeated. 
3.2.5f. Solubility Test for CaMgAA Hexahydrate in 50 % Ethyl Alcohol 
A.  1g of CaMgAA were weighed in duplicate. 
B.   2.5g of 100 % ethyl alcohol was added to each sample. 
C.   2.5g of de-ionized water was added to each sample. 
D. Steps B through G of 3.2.5a was repeated. 
3.2.6. Batch Clarification Trials.   
Batch clarification trials were conducted to establish the extent to which aconitic acid 
was removed by precipitation under varying conditions of pH, temperature, defecant type, 
defecant concentration and time. Four pH ranges of 6.5, 7.0, 7.5, and 8.0 were chosen based on 
common industry practices, bearing in mind the extent to which pH affects inversion and sucrose 
loss. 
Temperature ranges of 35, 75 and 95 oC were used in the batch clarification trials to 
simulate conditions of cold, intermediate and hot liming conditions as practiced in the sugar mills. 
Calcium alone and a calcium magnesium combination on a one to one ratio as calcium chloride 
and magnesium chloride were utilized as defecant. Defecant doses of 50, 100 and 150% were 
calculated in excess of the balanced stocheiometric requirement. The calculations of the dosage 
percentages are outlined in appendix A. The experiments were separated into segments based on 
concentrations and defecant used. The first set of experiment was done with calcium as the 
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defecant at the three different calcium levels with temperature held constant at approximately 
95oC. pH was then varied across each calcium level and the experiments repeated up to 5 times to 
establish consistency. 
The second set of experiments was carried out with the calcium/magnesium combination 
as the defecant at the three different levels with temperature held constant at 95oC and pH varied 
across each defecant level as outlined previously. The third set of experiment was a repeat of set 
one but at sucrose concentration of 60g per 100ml de-ionized water. The fourth set of 
experiments was a repeat of experiment 2 but at a sucrose level of 60g/100ml. Experiment set 
five and six were set up to look at the effect of temperature and time on aconitic acid removal. In 
set five a concentration of 15 g/100ml of sucrose was used, with a calcium/magnesium defecant 
at a 100% concentration for a time of one hour for each temperature levels. Set six was carried 
out in a similar fashion as set five, however temperature was held constant at approximately 95oC 
and the experiment repeated across the time levels. 
Experiments conducted in set seven represented a combination of all the different 
parameters at all the levels, in all a total of one hundred and forty four (144) different 
combinations. The experimental sets and the combinations within each set are illustrated in table 
3.1.  
Procedure for batch experiment: 
A. 100ml of synthetic juice or concentrated synthetic juice was measured into a 
250ml beaker. 
B. The measured juice/syrup was placed into a jacketed beaker and heated to desired 
temperature. 
C. The measured quantity of defecant was then added. 
D. Desired pH was adjusted with potassium hydroxide  
E. Solution was allowed to react for the specified time. 
F. At the end of the time period 10 ml of solution was pulled off. 
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G. Solution was filtered through a 0.45µm filter into sample vial. 
H. Sample was stored for analysis. 
I. The remaining solution was filtered through a 0.45µm filter. 
J. The precipitate was vacuum dried over night at approximately 60oC. 
K. Dry sample was ground and stored for x-ray diffraction analysis. 
Table 3.1: Outline of the Different Combinations of Parameters Undertaken in each 
Experimental Set. 
 
3.3 Sample Analysis Techniques 
3.3.1 High Performance Liquid Chromatography (Cations). 
HPLC using an Ionpac CS 12 column (Dionex Sunnyvale, CA) and conductivity detector 
was used for quantitative analysis of calcium and magnesium concentrations in solution. A 
Dionex AS 40 automated sampler was used to inject 10µL of each sample into a mobile phase of 
0.22 mM methanesulfonic acid (MSA) solution eluted isocratically at 0.7 ml.min-1. 
Concentrations of the cations were calculated from peak areas of HPLC (Figure 3.1) calibrated 
against external standards of 2, 5 and 10ppm using the Dionex Peaknet System (Version 4) 
Sucrose
Exp. g/100ml oC
15 60 50 100 150 50 100 150 6.5 7 7.5 8 35 75 95 25 60 90
Set 1 X X X X X X X X X X
Set 2 X X X X X X X X X X
Set 3 X X X X X X X X X X
Set 4 X X X X X X X X X
Set 5 X X X X X X X
Set 6 X X X X X X X





software. The unit was computer controlled with the Dionex Peaknet System as illustrated in 
figure 3.2. 
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3.3.2. High Performance Liquid Chromatography (Anions). 
For analysis of aconitic acid, sulfate and phosphate, an AS11-HC column (Dionex, 
Sunnyvale, CA) and a conductivity detector were used. Sample volumes of 20µl were 
automatically taken via a Spectra System AS 3000 auto sampler and injected into a mobile phase 
running a gradient with three eluents over a period of sixty five minutes. The eluents were 
composed of sodium hydroxide at 2 levels, a 4mM, and 100mM concentration; de-ionized water 
was used as the first eluent. Table 3.2 shows how the different eluents and flows were utilized in 
expediting the method. Concentrations of the anions were calculated from peak areas of (Figure 
3.3) calibrated against external standards using the Dionex Peaknet System (Version 4) software. 
The unit was computer controlled with the Dionex Peaknet System similar to that used for the 
cation unit as illustrated in figure 3.2. 
 Table 3.2 Gradient Method for Anion Separation 
 
Eluent 1 de-ionized water 
Eluent 2- 100mM Sodium hydroxide 





min ml/min 1 2 3
0 0.8 85 0 15
9.6 0.8 85 0 15
19.1 0.9 80 0 20
23.6 1 90 2 8
27.6 1.1 84 8 8
34.8 1.2 85 15 0
40.8 1.2 68 32 0
44.1 1.3 67 33 0
54.7 1.2 67 33 0
56.5 1.2 85 0 15
58.8 1.1 85 0 15
60.9 1 85 0 15
62.7 0.8 85 0 15





































































Figure 3.3 Typical Chromatogram of Anion Results from Sample 78-150-D. 
3.3.3. X-ray Diffraction 
 Characterizing components of the precipitate involved the use of x-ray diffraction 
techniques. The x-ray diffraction system used in this study was located in the Department of 
Geophysics at Louisiana State University. The system was comprised of a Buker/Siemens D5000 
automated powder x-ray diffractometer and was configured with a high intensity copper x-ray 
tube and a silicon detector. Automation and data collection was accomplished with a 
 







computer running the latest version of Rietveld analysis software. The computer also had the 
2002 release of the powder diffraction database files from the JCPDS for data analysis (12 
Campus Boulevard, Newton Square, PA, USA).  The XRD method involved finely grinding a few 
tenths of a gram of the sample and putting it in a sample holder ensuring random orientation of 
the crystals. Samples were mounted in the x-ray diffractometer on a holder that pivots relative to 
the x-ray tube allowing the angle of incidence of the x-ray beam to be varied from 0 to 90o. An 
electronic detector mounted on a concentric goniometer moved at twice the angular speed 
between the sample and the x-ray tube, so that the detector was at the angle required to record the 
reflection. The detector was ran through a 2θ angle from 5o to 70o allowing detection from atomic 
planes whose d-spacing ranged from 17.7*10-10m to 1.3*10-10 m. The sample and detector were 
rotated through the desired θ and 2θ angles, and the attached computer continuously recorded the 
intensity of the reflected X-rays.  
 Data obtained from the diffractometer was the 2θ angle and intensity of each peak. From 
this data the d-spacing for each peak was calculated, and identification of the compound in the 
sample was done by comparing the set of d-spacings and the reflection intensities of the sample, 
with d-spacings and intensities of CaAA and CaMgAA made in the laboratory. 
3.4. Statistical Analysis 
3.4.1. Statistics Procedures 
 Statistical methods employed in the analysis were t-value, F-value, the P-value, the least 
square means (lsmeans), the difference of the lsmeans, and type III test for fixed effects. A brief 
description of how these are used to evaluate and interpret out put is given below. 
  The t statistic (t-value) measures the difference between the response means of two 
groups of a classification factor. The t statistic is the difference in means divided by a standard 
error quantity. A t statistic near zero indicates no difference in means; a large t statistic in either 
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the positive or negative direction indicates that the two group means are different. The sign of the 
t statistic indicates which mean is the larger.  
 The F statistic (F-value) measures a classification effect on the expected response. The F 
statistic is just the ratio of the mean squares for model and error, respectively. The mean square 
for the "Error" estimates the intrinsic variation in the data. The mean square for the "Model" 
estimates this variation plus the variation between the true group means. If there are no 
differences between the true means, then the two mean squares should be about the same (F = 1). 
If the Model mean square is much larger than the Error mean square (F >> 1), this indicates a 
difference between the underlying true means. 
 The p-value measures how large the t statistic is for the parameter, by saying how likely 
it is to get one this large in absolute value if in fact it is not involved in the true model for the 
expected value of the response, assuming a normal (Gaussian) random model for the underlying 
variation. Typically, p-values are assessed as follows: p > 3/10 :  No evidence of significance ; 
3/10 > p > 1/10 :  Not much;  1/10 > p > 1/20 :  Weak; 1/20 > p > 1/100:  Appreciable;  1/100 > p 
:  Strong significance.   
The LSMEANS statement computes least-squares means (LS-means) of fixed effects. 
LS-means predict population margins by estimating the marginal means over a balanced 
population. For an unbalanced population they calculate the mean, as the mean of means not the 
raw mean. In a sense, LS-means are to unbalanced designs as class and subclass arithmetic means 
are to balanced designs. Each LS-mean is computed as where L is the coefficient matrix 
associated with the least-squares mean and is the estimate of the fixed-effects parameter vector. 
 The difference of the lsmeans is used to compare values obtained for fixed effects by 
comparing P-values. The Tukey’s comparison compare least squares means for equality 
(sometimes called the "honestly significant difference test") depends on the distribution of the 
maximum absolute value of all k*(k-1)/2 differences between k means. 
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 The type III test of fixed effects and the associated hypotheses test all effects in the model 
except the one under consideration for their significance to the model. In this test each effect is 
adjusted for all the variables in the model.  
 3.4.2 Treatment of Data 
  Data obtained from the different experiments was analyzed using SAS statistical analysis 
software (SAS Institute Inc. 2002). The data was modeled as a randomized block design (RBD). 
In this design the sample of experimental units was divided into groups or blocks and then 
treatments were randomly assigned to units in each block. In this study each experiment set was 
taken as a block and the treatments were the DS, temperature, pH, defecant, defecant 
concentrations, and time.  
 A linear model procedure (Proc Mixed) was used to analyze the dependent variables. 
Throughout the analysis a 5% significance level (P =0.05) was employed. The significance of 
each variable was tested using the type III test of fixed effects (htype=3). Levels within each 
variable were compared using Tukey’s Pairwise comparison of the means. The relationship 
between parameters was tested by looking at the interaction between the variables; these were 
also tested using the type III test for fixed effects. 
Analysis was also done within each set to establish significance of variables at 
that level. The procedure followed for each set was similar to that done at the block level, 









RESULTS AND DISCUSSION 
 
4.1. Aconitic Acid Removal in Mill Clarification 
 Results obtained from the analysis of filter cake and mixed juice, indicated that AA 
content in filter cake was approximately 0.0481g/100g of total filter cake, while mixed juice had 
a composition of approximately 0.1032g/100g. Mass balance around the filter station (Appendix 
A) showed that about 3.4% of aconitic acid in mixed juice was removed in filter cake.  
According to Monge (2002) the clarification method practiced at the mill was hot liming 
at approximately 104 oC, with milk of lime to a pH of about 7.2. The heated juice was then 
allowed to settle out in the clarifier for about an hour. During this time the pH dropped to give a 
clarified juice pH of approximately 6.8. 
4.2. Solubility of Salts of Aconitic Acid  
Figure 4.1 illustrates results from duplicate experiments conducted to determine the solubility of  
 
Figure 4.1 Plot of Solubility Results for CaAA and CaMgAA in 
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the salts of aconitic acid in ethyl alcohol and in deionized water. The results showed that both 
salts were almost insoluble in ethyl alcohol but became more soluble in water. Of the two salts 
CaAA trihydrate was the most soluble in both solvents, and was soluble to about 1.5 –1.7g/100g 
water at 25 oC. The solubility of CaMgAA hexahydrate was 1.3-1.5g/100g water at 25 oC. These 
solubility results are slightly higher than the 1g/100g water at 27 oC reported in Honig (1963); but 
the results indicating that CaAA trihydrate was the most soluble of the two salts was consistent 
with the literature. Walford (1998) explains the precipitation of calcium aconitate and calcium 
magnesium aconitate as being a result of the inhibitory effect that calcium has on the 
isomerisation of the trans to the cis form. This may explains why aconitates are found in 
precipitates in scales collected from evaporators, because as the juice move from process stream 
to process stream conditions become more favorable for aconitate precipitation, and precipitation 
culminate in the final effect evaporator where higher concentrations of aconitates are observed in 
some mills. 
4.3. pH Effects on Aconitic Acid Removal 
Results obtained for batch trial of aconitic acid removal (Appendix A1) are examined for 
each set of experiment starting with set one. Experiment set 1 (Table 3.1) as outlined in chapter 3 
looks at the removal of aconitic acid from synthetic juice solution at a sucrose concentration of 
about 15% DS. This batch trial was done at a fixed temperature of approximately 95 oC across all 
three defecant levels with calcium as defecant, while pH was adjusted to within the required 
range. pH adjustments proved difficult thus precise pH levels were not obtained on all batches.  
Figure 4.2 illustrate the effects of varying initial pH conditions on aconitic acid removal; the 
results suggest that pH effect on aconitic acid was not significant across all the defecant levels. 
The effect of pH on aconitic acid was also examined at each defecant level for set one (Appendix 
B), these individual results also suggested that pH did not contribute to any marked variation in 
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 the aconitic acid removed at each level within the pH range of 6.5 to 8.5.  
 Statistical analysis done on the data set resulted in a P-value of 0.4913, which strongly 
suggest that pH did not contribute significantly to the aconitic acid removal within set one. A pH 
of 7.5 was the most effective at removing the acid under these conditions, recording a maximum 
removal of approximately 26% of initial aconitic acid in synthetic juice.  
 Results of batch trial set 2 involving the use of calcium/magnesium combination as 
defecant, at a sucrose level of 15% DS with a fixed temperature of 95oC are illustrated in figure 
4.3.  These results also suggested that pH did not significantly affect the extent to which aconitic 
acid was removed with the calcium/magnesium combination as a defecant. Statistical analysis of 
data set 2 reported a P-value of 0.9606, indicating that pH was highly insignificant across all 
levels of the defecant concentration. The data set was also analyzed at each defecant level, 
however pH did not become significant at these levels (Appendix B). A pH of 8 proved to be the 
most effective, with an average aconitic acid removal of 13%. The R-squared values for the 
different levels ranged from 0.0019 to 0.069 indicating very poor correlation between aconitic 
acid removals at the different pH levels.  
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Figure 4.4 shows the effect of pH on AAR from concentrated synthetic juice (CSJ) with 
calcium as defecant (Experiment set 3). Although not proving to be significant with a P-value of 
0.0632, the plot depicts a slight downward trend in aconitic acid removal with an increase in pH. 
The highest aconitic acid removal of approximately 38% was reported at pH levels between 6.5 
and 7. The most significant pH within this set was a pH of 7; this recorded an aconitic acid 
removal of approximately 35%. Pairwise comparison of pH showed no significant differences in 
aconitic acid removal. Analysis of the data at the different defecant levels also showed a down 
ward trend in aconitic acid removal with an increase in pH (Appendix B). 
Figure 4.3:Effect of pH on AAR from SJ with Calcium 















   
Figure 4.4:pH Effect on AAR From CSJ across all Levels of 
















 The pH effects on aconitic acid removal at concentrated levels (Experiment set 4) 
with calcium and magnesium combination as defecant (Figure 4.5), showed very poor correlation 
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between aconitic acid removal and a change in pH. Statistical analysis of the data showed that pH 
was marginally significant across the defecant levels reporting a P-value of 0.0460. Analysis at 
each defecant level (Appendix B) showed a similar relationship indicating very poor correlation 
between aconitic acid removal and a change in pH. A pH of 8 was the most effective in this set, 
having an aconitic acid removal of approximately 34%. 
















 Analysis of pH effects on AAR across all levels of defecant, temperature and sucrose 
concentration (Experiment set 7) resulted in a P-value of 0.7306.  At this P-value the results 
strongly suggest that pH within the range tested, did not contribute significantly to the extent to 
which aconitic acid was removed during the batch trials.  
 Overall analysis across all the sets also showed that pH was not significant. A P-value of 
0.0697 was determined across all sets. The most effective pH value was 7.5 with an overall 
average aconitic acid removal of 26%. 
Aconitic acid removal at low sucrose levels showed no distinct change with a change in 
pH. However it was shown that at higher sucrose concentrations pH effects became more evident. 
The presence of magnesium as a defecant affected the way in which pH influenced the acid 
removal. Magnesium inclusion as a defecant resulted in increased aconitic acid removal as pH 
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increased, but when calcium alone was used the aconitic acid removal decreased as the pH 
increased. At higher sucrose level it is apparent that the presence of magnesium is affecting how 
aconitic acid removal changes with pH.  
4.4. Temperature Effects on Aconitic Acid Removal 
 To investigate the effect of temperature on aconitic acid removal (Experiment set 5), the 
overall aconitic acid removal was first examined across all the parameters. The results indicated 
that temperature was significant at the 0.05 level since a P-value of 0.003 was reported for 
temperature. Figure 4.6 illustrates these results. The results suggested that at the lower 
temperature (35oC) there was more aconitic acid removed from the solution.  
Pairwise comparison between temperatures indicated that aconitic acid removal at 35 oC 
and 75 oC, and 95 oC were significantly different; while removal at 75 oC was not significantly 
different form that at 95 oC (Table 4.1). 
 
 



















Table 4.1 Pairwise Comparison for Temperature Effects on Aconitic Acid Removal 




Effect  Temp  Temp   Adj P 
Temp    35        75      0.0004 
Temp    35        95      <.0001 
Temp    75        95      0.8965 
 
 
Further analysis of temperature effects at low sucrose concentrations (15% DS) indicated 
the same trend as observed in the overall plot; there was a decrease in the aconitic acid removal as 
temperature increased (Appendix C). However at higher sucrose concentrations (60% DS) 
temperature was not found to be significant, with a P-value of 0.1219. The differences in aconitic 
acid removal across the temperature levels were also found to be insignificant at this sucrose 
concentration.  
Further attempts to examine temperature effects at lower sucrose level involved fixing all 
other parameters and looking at aconitic acid removal at the three temperature levels. Results 
obtained from this experiment showed a significant difference between the results obtained at the 
three temperature levels (P-value 0.0222). There was a decrease in the average aconitic acid 
removed over the temperature range of 35 to 75 oC. However at 95 oC the average aconitic acid 
removed increased above both previous temperatures (Appendix C). This result deviates from 
earlier trends observed, but could have been a result of the defecant choice, since a 
magnesium/calcium combination was used to fix the defecant. Magnesium generally reacts 
slower at lower temperatures but its reaction rates increase significantly with increased 
temperature and at higher pH. 
The higher aconitic acid removal observed at 35 oC may be due to a reduction in the 
reaction rates of competing compounds at that temperature in particular the extent to which cis-
aconitic acid is formed. Temperature also affects the solubility of the salts; CaMgAA hexahydrate 
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in solution at temperatures above 80 oC is generally transformed to the less soluble CaMgAA 
trihydrate, which may explain the lower levels of aconitic acid removal measured at 95 oC.    
4.5. Effects of Time on AAR 
To establish how AAR change with time batch trials (Experiment Set 6) were conducted 
by fixing all other parameters while looking at the acid removal at 25, 60 and 90 minute intervals 
(Appendix D). Temperature was fixed at 95 oC, the defecant used was a calcium/magnesium 
combination, while pH was held at approximately 7.5. Figure 4.7 shows how aconitic acid 
removal was affected by different clarification times. A clarification time of 25 minutes resulted 
in the most aconitic acid removal when compared to 60 and 90 minute intervals. Comparison 
between clarification times suggested that a time of 25 minutes was significantly different from 
clarification times of 60 and 90 minutes while results for 60 and 90 minutes intervals were not 
significantly different (Table 4.2). Time was found to be significant at the sucrose concentration 
of 15% DS tested in this trial; a P-value of 0.0004 was calculated for time. 




















 Aconitic acid removal was higher at 25 minutes and dropped to come to equilibrium at 90 
minutes. The behavior of the acid under this condition coincides with what happens at higher 
temperatures.  Due to solubility differences between the acid salts formed at temperatures above 
80 oC, over time insoluble CaMgAA hexahydrate is transformed to the more soluble CaMgAA 
trihydrate. This explains the drop in aconitic acid removal after the 1 hour interval. The solution 
then reaches an equilibrium point resulting in no change in aconitic acid removal over the 90 
minute period. Another factor that might have contributed to the drop in aconitic acid removal is 
the formation of CaHPO4 and Ca3(PO4)2. Reaction rate of CaHPO4 is generally faster, and as it 
approaches completion the rate of formation of Ca3(PO4)2 increases. This reaction consumes 
calcium available for aconitic acid removal which further contributes to a fall of in aconitic acid 
removal. 
 The effect of time was examined under fixed conditions, thus the effect of other 
parameters in conjunction with time was not examined. A factorial set up looking at all the 
parameters across all the time levels would have more accurately represented how time affected 
the acid removal.  
4.6.  Effects of Defecant and Defecant Concentrations 
4.6.1 Defecant Concentration  
 Two defecants were used in the trials, calcium as calcium chloride and a calcium and 
magnesium combination as chlorides. The concentrations used were in excess of the balanced 
Differences of Least Squares Means 
Effect  Time  Time    Adjustment    P-value 
Time       25    60            Tukey         0.0010 
Time       25    90            Tukey         0.0014 




stocheiometric requirement to provide adequate defecant for competing compounds (Appendix 
A).  
Figure 4.8 shows the change in the average aconitic acid removed at the different 
defecant levels. The results indicated that more aconitic acid was removed at higher defecant 
concentrations. Defecant concentrations were found to be significant with a P-value less than 
0.0001 for overall aconitic acid removal. 
The average aconitic acid removed as a result of a change in the defecant concentration 
was observed for set 1 through 4 of the batch trials (Appendix E). It was noted that the average 
aconitic acid removed followed a similar trend, increasing with an increase in defecant 
concentration regardless of the defecant that was used. The only exception was the batch trials in 
set one and two, where there were fluctuations in aconitic acid removal with change in defecant 
concentration. However defecant concentration was not found to be significant in these two sets 
(P-values 0.647 and 0.5766 for set 1 and 2 respectively). 
Pairwise comparison across the defecant levels indicated that aconitic acid removal at 
defecant level of 50% was significantly different from those at 100% and 150%; while 100% and 
150% was not significantly different form each other (Table 4.3). A defecant concentration of 
150% proved to be the most effective. 
Figure 4.8:Effect of Defecant Concentrations on Average Overall AAR 



























 The effect defecant concentration has on aconitic acid removal is not strange. With other 
competing compounds apart of the solution the more defecant added would mean more defecant 
available for reaction with the acid, thus resulting in more acid removed from the solution.  
4.6.2 Defecant Type 
The type of defecant used did not seem to have a significant effect on the overall aconitic 
acid removal. Figure 4.9 shows how AAR changes with defecant type. Results indicate that there 
was not much variation in AAR by using calcium or a calcium magnesium combination. 
Statistical analysis comparing both defecants showed that they were not significantly different 
from each other in the amount of aconitic acid they remove from the synthetic juice solution 
(Table 4.4). However calcium alone as defecant proved slightly more effective. 
Ca- Calcium      CaMg -Calcium+Magnesium




















Differences of Least Squares Means 
 
                             Standard 
Effect  Defc  Defc     Error    DF    Pr > |t|  Adjustment 
 
Defc      50  100    2.1387   146    0.0710  Tukey-Kramer 
Defc      50  150    2.1600   146    0.0062  Tukey-Kramer 
Defc     100 150    2.1387   146    0.3256  Tukey-Kramer 
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Table 4.4: Pairwise Comparisons between Defecants. 
Differences of Least Squares Means 
 
Standard 
Effect       Def _Def        Error      DF  Pr > |t| Adjustment 
 
Defecant  Ca    CaMg    1.7724   147   0.0678  Tukey 
 
  There was little or no difference in how both defecant affected aconitic acid removal. 
This result was unexpected. Salts of aconitic acid containing magnesium are less soluble and 
therefore more should precipitate than the more soluble calcium salt. However the results show 
that almost the same amount of removal was observed for both salts. This divergence may be a 
result of the 1 hour clarification time used, which provided adequate time for the insoluble 
hexahydrate salt to transform to the more soluble trihydrate. Other factors contributing to the 
deviation might have developed from statistical data analysis. More data point might have been 
required to more accurately represent how aconitic acid removal was affected by each defecant. 
4.7.  Effects of Sucrose Concentration 
 It is clear from the preceding results that the concentration of synthetic juice has 
significant implications for aconitic acid removal. Figure 4.10 shows that a sucrose concentration 
of approximately 60% DS, generally results in higher AAR. Increased concentrations means that 
aconitic acid is concentrated in the solution and becomes available for removal due to the reduced 
water content of the solution or a result of the increased sucrose level, since the solubility of 
aconitates decreases with an increase in sucrose concentration. P-values for sucrose concentration 
was less than 0.0001, implying that sucrose level was highly significant to aconitic acid removal. 
 Aconitate solubility also decreases significantly with increased sucrose concentration; 
further explaining why more aconitic acid is removed at higher sucrose levels. These results 
coincide with studies conducted on evaporator vessels, showing that aconitates are generally 
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found as components of scale formed in these vessels; while the larger portions of the acid 
remains concentrated in the syrup (Walthew 1995). 
4.8. Cis-aconitic acid Formation and Aconitic Acid Removal 
 On average 10% of the trans-aconitic acid in solution is isomerized to cis-
aconitic acid from synthetic juice (15 % DS). This isomerization of the acid results in a reduction 
in the amount of aconitic acid that is available for precipitation. Figure 4.11 shows that as the 
amount of cis-aconitic acid formed increases there is a corresponding decrease in the amount of 
overall aconitic acid removed from the solution. The plot does not represent a good correlation 
between overall aconitic acid removed and cis-aconitic acid formed because of the low R-square 
value. However this may be due to variations incorporated from the other variables since this plot 
utilized data from across all the parameters tested.  
Further analysis of the behavior of cis-aconitic acid showed that the amount of cis-
aconitic acid formed was significantly reduced if the temperature of the synthetic juice was 
maintained around 35 oC (Figure 4.12).  
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Although temperature seems to be one of the controlling factors in the amount of cis-
aconitic acid formed, the concentration of synthetic juice cannot be over looked. Figure 4.13 
shows that at a high temperature (95oC) and high sucrose concentrations (60 % DS) the amount of 
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aconitic acid removed surpasses the amount of cis-aconitic acid formed when compared to lower 
concentrations (15 % DS) at the same temperature. 
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These results points to the solubility of the salts at higher sucrose levels; while the 
percent of cis-aconitic acid formed at the 60% DS level is approximately the same, aconitates 
formed at this sucrose level precipitates more readily resulting in increased removal when 
compared to removal at the lower sucrose concentration. 
4.9. Reactions of Other Compounds  
4.9.1. Sulfate 
Honig (1963) stated that about 20% of the sulfate in cane juice is removed by liming 
within a pH range of 7-8. Results obtained from the batch trials do indicate that on average, 20% 
of the sulfate was removed with the clarification techniques tested. However the behavior of 
sulfate when compared with aconitic acid for the factorial trials drew some attention. Figure 4.14 
shows a fairly linear relationship between overall aconitic acid removal and sulfate removal. The 
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correlation was very good, with a R2 of 0.8986. 

















 This trend suggests that conditions that favor aconitic acid removal parallel those that favor 
sulfate precipitation. This would suggest that sulfate is a major competing compound for the 
defecant and might by inhibiting the precipitation of aconitate.   
 
4.9.2. Phosphate 
 80- 99% of the phosphate present in juice is precipitated with lime depending on the pH. 
Phosphate is known to precipitate more at higher pH around 8.5. Results from the batch trials 
show that phosphate is almost always precipitated; ranging from approximately 70 % to 100% 
across the batches (Appendix D) regardless of the defecant or the temperature used. A few 
outliers were observed in the data set and may have been introduced from manual or analytic 
error. There was very little relationship between aconitic acid removal and the extent to which 
phosphate was precipitated. Figure 4.15 show that correlation between phosphate removed and 
overall aconitic acid removed was highly insignificant, reporting a R2 value of 0.04. 
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 The calcium ion concentrations as pointed out in chapter 3 are based on the amount of 
ions it would take to completely react with 1 mol of aconitic acid to form calcium aconitate. 50, 
100 and 150 % of this calcium ion concentration was used to react with the components of the 
synthetic juice solution under the varying conditions mentioned in the chapter 3.  Since calcium is 
used as a defecant it is expected that there should be a linear relationship between aconitic acid 
removed and calcium ions removed. That is, as the amount of aconitic acid removed increases 
there should be a corresponding increase in the amount of calcium ions removed. Figure 4.16 
shows this relationship. The figure shows that as the amount of calcium ions removed increases 
there is a corresponding increase in the amount of aconitic acid removed. This correlation is not 
as distinct as would have been expected since a fairly low R2 value of 0.28 was reported. 
However it is clear that the plot depicts an increasing trend between the two variables.  
4.9.4. Magnesium 
 Magnesium is found in cane juice in varying proportions and its content sometimes 
exceeds that of calcium. Magnesium was added to synthetic juice in a similar fashion as calcium 
to facilitate the formation of calcium magnesium aconitate. Figure 4.17 shows how magnesium 
removal compares to aconitic acid removal. As the amount of aconitic acid removed increases 
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there is a corresponding increase in the amount of magnesium removed. Since magnesium was 
used in conjunction with calcium as the second defecant both cations were plotted to observe the 
relationship between them (Figure 4.18). It was observed that as the amount of calcium removed 
increased the amount of magnesium removed also increased. 





















































4.10. Relationship between Parameters 
 For overall aconitic acid removal there were significant interactions among the 
parameters. Table 4.5 gives an indication of the significance of the interactions by looking at the 
P-value for each interaction.  
Nearly all the P-values were less than the 0.05 significance level utilized in the study, 
indicating that the presence of the other parameters substantially affected the extent to which the 
acid was removed. The most significant interaction was among sucrose concentration, defecant  
concentration and temperature (P-value <0.0001); but the interaction between sucrose 
concentration and defecant type was also important with a P-value of 0.0005.  
 These results suggest that to establish optimum aconitate removal the correct 
combination of parameters is essential and no one parameter is independent of the others and all 






















Legend :  Temp.-Temperature 
    Defc  -Defecant Concentration 
    Def    - Defecant Type  
   DS – Concentration of dissolved solids 
4.11. Aconitate as Precipitate 
 CaAA trihydrate and CaMgAA hexahydrate diffraction patterns generated from 
laboratory samples as outlined in chapter 3, were used as the basis for comparing X-ray 
diffraction patterns. Figures 4.19 and 4.20 show these patterns, and both patterns were compared 
in figure 4.21.  
Effect DF DF F Value Pr > F 
DS*Def 1 5 66.52 0.0005 
DS*pH 3 5 22.59 0.0025 
DS *pH*Def 3 5 7.19 0.0291 
DS * Defc 2 5 12.44 0.0115 
DS * Defc *Def 2 5 38.06 0.0009 
DS * Defc *pH 6 5 10.66 0.01 
DS * Defc *pH*Def 6 5 12.54 0.007 
DS * Defc *Temp 4 5 82.09 <.0001 
DS * Defc *Temp*Def 4 5 18.25 0.0035 
DS * Defc *Temp*pH 12 5 17.67 0.0026 
DS *Defc*Temp*pH*Def 12 5 10.36 0.009 
DS *Temp 2 5 45.81 0.0006 
DS *Temp*Def 2 5 41.27 0.0008 
DS *Temp*pH 6 5 10.21 0.011 
DS *Temp*pH*Def 6 5 10.05 0.0114 
pH*Def 3 5 25.03 0.0019 
Defc *Def 2 5 47.33 0.0006 
Defc *pH 6 5 19.16 0.0026 
Defc *pH*Def 6 5 3.2 0.1116 
Defc *Temp 4 5 15.71 0.0049 
Defc *Temp*Def 4 5 34.95 0.0008 
Defc *Temp*pH 12 5 7.4 0.019 
Defc *Temp*pH*Def 12 5 15.52 0.0035 
Temp*Def 2 5 25.47 0.0024 
Temp*pH 6 5 13.05 0.0064 
Temp*pH*Def 6 5 7.07 0.0243 
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2θ and d-spacing values of major peaks for CaAA trihydrate and CaMgAA hexahydrate 
were used to examine the differences between both compounds; these results are tabulated in 
table F2 appendix F. The results indicated that the area of most difference between CaAA 
trihydrate and CaMgAA hexahydrate occurs in the 2θ regions of 14.7 to 18.3, where peaks were 
present in the CaAA trihydrate pattern but missing in the CaMgAA hexahydrate pattern. Also 2θ 
regions of 18.8 to 20.1 where peaks were present in the CaMgAA hexahydrate pattern but 
missing in the CaAA trihydrate pattern 
The differences in diffraction pattern observed between CaAA trihydrate and CaMgAA 
hexahydrate are a result of their molecular make up. The presence of magnesium as part of 
CaMgAA hexahydrate molecular structure resulted in the compound diffraction pattern being 
different from that of CaAA trihydrate. In addition both compounds exist as hydrates; CaAA a 
trihydrate, and CaMgAA a hexahydrate; thus also contributing to the type of x-ray pattern 
generated.  
  Molasses sediments known to have high aconitate composition was used as a 
bench mark for comparing aconitate x-ray patterns. Figure 4.22 shows the similarity between x- 
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ray patterns generated for CaMgAA hexahydrate and molasses sediments. Major peaks of x-ray 
pattern of molasses sediment line up very well with peaks of CaMgAA hexahydrate. Further 
comparison done by matching up corresponding 2θ and d–spacing values for CaMgAA 
hexahydrate and molasses sediment (Table F1, Appendix F) showed that 2θ and d-spacing values 
corresponded well with those of CaMgAA hexahydrate. Only a few 2θ and d-spacing values did 
not match. Since molasses contain numerous other compounds it was expected that all peaks 
generated would not correspond to those of CaMgAA hexahydrate. The results however strongly 
suggested that CaMgAA hexahydrate was a major component of molasses sediment, and was 
consistent with results of Balch (1945) indicating that molasses sediment contain 16-35% 
aconitate. 
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. A similar comparison was made with x-ray patterns for CaAA trihydrate (Figure 4.23), and 2θ 
and d-spacing values tabulated in table F1 appendix F. The results showed good 2θ and d-spacing 
match up between CaAA trihydrate and molasses sediment; while unmatched values 
corresponded well with values matched for CaMgAA hexahydrate. Based on the results obtained 
it was clear that CaAA trihydrate like CaMgAA hexahydrate was also a part of molasses 
sediment. 



















































CaM gAA M ol 001
 
 61 
























Precipitates from selected experiments were analyzed for CaAA trihydrate and CaMgAA 
hexahydrate by comparing the generated x-ray patterns against those of the pure aconitates. 
Figures 4.24 and 4.25 compares x-ray patterns for sediments from batch experiment 45-100-A 
with patterns for CaAA trihydrate and CaMgAA hexahydrate 2θ and d-spacing values for sample 
sediment 45-100-A were also compared with values for CaMgAA hexahydrate and CaAA 
trihydrate, and are tabulated in table F2 and F3 respectively in appendix F. This batch experiment 
was conducted with CSJ at a temperature of 95 oC with a calcium and magnesium combination as 
defecant, and at an initial pH of 6.69. Results obtained from matching 2θ and d-spacing values for 
CaAA trihydrate, CaMgAA hexahydrate and sample sediment 45-100-A resulted in fairly good 
matches for both compounds. Peaks in the 14.7 o to 18.3 o 2θ regions overlaid well with peaks 
from the CaAA trihydrate pattern, and peaks in the 2θ regions of 18.8 to 20.1 overlaid well with 
peaks of CaMgAA hexahydrate.  However, there were areas where distinct deviations could be 
seen. These unmatched areas could have been a result of the presence of other compounds such as 
phosphates and sulfates which were almost always precipitated in each batch trial. From the 
results all indications showed that both CaAA trihydrate and CaMgAA hexahydrate were present 
in sediments from the batch experiment. The experiment reagents included both calcium and 
magnesium which were needed to form both aconitate salts; therefore the presence of both salts in 
the precipitate was expected. 
More results from selected samples are illustrated in appendix F. Of interest is the batch 
experiment 37-50-A. This experiment was conducted under similar conditions as experiment 45-
100-A except that calcium alone was used as the defecant. Tabulated 2θ and d-spacing values for 
the sediment when compared to values for CaAA trihydrate and CaMgAA hexahydrate (Table F2 
and F3, Appendix F) showed very good match for CaAA trihydrate. However peaks in the 14.7 to 
20.1 2θ region critical to identifying CaAA tihydrate were not evident in this sample. This was 
attributed to the high intensities for some of the peaks generated for this sample. These intensities 
were more than 10 times that of CaAA trihydrate, and making comparing both patterns proved 
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difficult even after increasing the CaAA trihydrate intensity by 10. The peaks that could be 
compared all matched very well with those of the trihydrate calcium salt, which would indicate 
that CaAA trihydrate might be present in the sediment analyzed. 
 Most of the samples examined with x-ray diffraction did not produce a distinct pattern. 
Notably, samples that were generated from experiments with lower concentrations (15% DS) did 
not produce any readable diffraction patterns. This is evident in figure 4.26 where the result of x-
ray diffraction analysis of experiment 68-150-B is illustrated. This batch trial was done with SJ at 




















































































Diffraction results not showing distinct patterns are normally a result of the sediments 
being non-crystalline or amorphous. This may suggest that sediments formed during clarification 
of SJ are more of the amorphous type with very little or no crystalline component. This coincides 
with low aconitic acid removal observed at this concentration. While at higher concentrations the 
acid was more readily precipitated resulting in more crystalline precipitates showing as a 
diffraction pattern.  
4.12 Raw Juice Trials 
 From a statistical standpoint the optimal conditions to remove aconitic acid from 
synthetic juice solution was found to be the conditions outlined in table 4.6. 
Table 4.6: Summary of Statistics Results for Optimal Aconitic acid Removal for SJ and 
CSJ. 
 
These conditions were applied to raw juice to test the applicability of synthetic juice results to 
mill clarification. Results are tabulated in appendix D. Attempts to examine the acid removal at 
Parameters Significance P-value Estimate
%
Sucrose Most significant <0.0001
15g/100ml 16
60g/100ml Most effective 33





Ca++ Not Significant 
Ca++/Mg++ Different  
pH Not significant 0.0694
7 Most effective for CSJ without Mg
7.5 Most effective for SJ
8 Most effective for CSJ with Mg
Time Significant 0.0126




35oC did not produce much useful results; the juice tended to deteriorate during the trials and 
during sample analysis. However, some of the samples analyzed at 35oC showed average aconitic 
acid removal of approximately 10%, with no cis-aconitic acid formation. The 10% removal 
observed was less than the 16% estimated under the optimal condition. This might have been a 
result of other compounds in raw juice utilizing defecant that would have been available for the 
acid removal. Also, raw juice used in the trial had a large proportion of magnesium; therefore a 
higher pH of 8 might have been more effective. The lack of cis-aconitic acid formation during the 
process could be attributed to the low temperature used in the clarification trial since earlier 
results indicated that the cis-isomer formed more readily at higher temperatures.  
Due to disparities in the results obtained at 95oC attempts were made to examine aconitic 
acid removal at this temperature. The results showed that aconitic acid removal of up to 62% was 
achieved if a magnesium/calcium combination was used as a defecant at the 100% level with an 
initial pH of 8. This coincides with results indicating that when magnesium was present a higher 
pH resulted in higher aconitic acid removal. The extent to which cis-aconitic acid was formed 
was significantly less in raw juice than in the synthetic juice solution at this temperature. This 
might have been a result of cis aconitic acid already present in the juice, which reduced the 
amount of cis aconitic acid required for the solution to reach equilibrium.   
In general the removal of the acid from raw juice with a calcium/magnesium defecant 
was generally higher when compared to removals from synthetic juice under similar conditions. 
This may suggest that there are other factors that may facilitate the precipitation of the acid that 











SUMMARY AND CONCLUSION 
 
5.1 Effects of the Different Parameters on Aconitic Acid Removal 
 
 Sucrose concentration, defecant concentration and temperature were the three most 
significant parameters contributing to aconitic acid removal. All three combined represented the 
most important interaction contributing to the acid removal. The remaining parameters however, 
could not be totally discounted, as they also contributed to aconitic acid removal to some extent. 
 Sucrose concentration was the most important parameter. A sucrose level of 60 %DS 
resulted in up to 33% aconitic acid removal, providing all the other parameters were set to 
optimal conditions. Aconitic acid removal at 60% DS was primarily a result of the reduced 
solubility of the acid salt at high sucrose concentration as a result of the reduced water content or 
increased sucrose level. At such high sucrose level the solubility of the salt decreased to the 
extent that effects of parameters such as temperature became less significant. 
The temperature effect on the acid removal was more evident at lower sucrose levels. 
Results indicated that it was not temperature that affected the acid removal, but rather the cis- 
aconitic acid formation that occurred at high temperatures that made the acid unavailable for 
removal. A lower temperature of 35 oC proved very effective in limiting the formation of this cis-
isomer. 
Defecant concentration was found to be fairly significant, more so at concentrated 
synthetic juice levels. Competing anions such as sulfate and phosphate consumed large 
proportions of the defecant making less available for the acid removal. Phosphate was more 
readily precipitated than any other compound in the juice solution thereby consuming a fair share 
of defecant. Sulfate on the other hand was precipitated under conditions similar to those that 
favored aconitates making it a major competitor for the defecant. Higher concentrations of the 
defecant provided adequate amount of defecant for these reactions.    
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The type of defecant used was found to be significant but removals due to each defecant 
was not found to be significantly different from each other. A calcium and magnesium 
combination was expected to result in far more aconitic acid removal than the use of calcium 
alone. However, the use of calcium alone resulted in a slightly higher removal rate. All 
information found on the salts pointed to more removal with calcium and magnesium as a 
defecant. The results obtained were attributed to experimental error and inadequate data. Other 
effects that the presence of magnesium had on the acid removal were more evident at the 
concentrated juice level. Results showed that at the CSJ level when magnesium was present more 
aconitic acid was removed from the solution if a pH of 8 was used. While in the presence of 
calcium alone a pH of 7 resulted in more aconitic acid removal, pH was not significant for 
aconitic acid removal at the 15%DS level but became slightly significant at the 60% DS level.  
A time of 25 minutes was found to be the most effective time frame for effectively 
removing the acid. Longer time frames showed a reduction in the acid removal, which was 
attributed to inversion to the more soluble trihydrate and reactions of phosphate. 
5.2.XRD of Aconitates 
 XRD proved to be a fairly good technique in identifying aconitates, but until XRD 
patterns for the aconitates are made part of the general JCDPS databases the use of this technique 
will be rather tedious. Both CaAA trihydrate and CaMgAA hexahydrate were found to be present 
in molasses sediment. The results also suggested that both salts were present in sediments 
analyzed from CSJ trials. Sediments from the less concentrated SJ trials however exhibited no 
XRD patterns. Comparison between CaAA trihydrate and CaMgAA hexahydrate suggested that 
both compounds were very similar, but distinctions could be made by comparing the XRD 
patterns, which showed that the patterns deviated from each other primarily in the 14.7 to 18.3 




5.3. Optimum Precipitation Conditions for Aconitic Acid  
Based on the preceding results and discussion it is clear that any attempts to remove 
aconitic acid from juice must involve increasing the concentration of the solution since overall 
aconitic acid removal was higher at higher sucrose levels. At lower sucrose concentration the 
optimal condition was to allow juice to clarify for 25 minutes with calcium or a calcium and 
magnesium combination as defecant at the 150% level, with a pH of 7.5 and temperature of 35 
oC. At concentrated levels aconitic acid removal from synthetic juice was best effected if calcium 
was used as defecant at the 150% level, with a pH of 7, and a temperature of 35 oC over a 25 
minute period or if a combination of calcium and magnesium defecant was used a higher pH of 8 
proved more effective. 
5.4. Optimal Conditions Applied to Raw Juice 
Trials with raw juice showed that at 35 oC only about a 10% aconitic acid removal was 
achievable. This is greater than the 3.4% calculated for present mill clarification, but was less 
than the 16% estimated for the clarification of SJ, and far less than the 73.3% estimated by the 
French (Hanine et al 1991). Optimal conditions with a temperature of 95oC and a pH of 8 resulted 
in more favorable aconitic acid removal of approximately 48%. No attempt was made to 
investigate the acid removal from concentrated raw juice, but based on CSJ results higher levels 
of removal are expected.  
5.5 Industry Implications 
 To improve aconitic acid removal from the sugar process, mills have to look at 
implementing systems that tackle the acid removal at higher sucrose levels. This may involve 
modifying present clarification systems to one that involves a second clarifying of the juice after 
the sucrose level has been raised, or a single clarification at a more concentrated level to a point 
where aconitate precipitation is facilitated. Syrup clarification is practiced in other countries and 
is commonly referred to as the Talodura process. No known research looking at the extent of 
aconitic acid removal from this process was undertaken but, if this technology is adapted with 
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modifications based on CSJ results and further research with syrup, more aconitic acid removal 
could be achieved. Under present mill clarification conditions the results point to marginal 
aconitic acid removal if clarification time is minimized, clarifying is done at higher temperature, 
and if pH is increased as magnesium content of juice increases with the progression of the season. 
5.6. Future Research 
This study primarily looked at the removal of the acid from a synthetic juice solution, 
which is far less complex than raw juice. The study represents a guide to the approach that should 
be taken in looking at raw juice by eliminating some of the parameters that might not contribute 
significantly to aconitic acid removal. A study looking at real juice in a factorial setup across 
selected parameters would more accurately represent aconitic acid removal during the 
clarification process. 
Future research must involve looking at raw juice at the concentrated level. An 
investigation into aconitic acid removal during the present Talodura process and modification of 
the process to improve aconitic acid removal should be undertaken. The benefits of aconitic acid 
removal are understood, but to quantify the benefits in terms of sugar recovery, experiments 
examining sugar recovery from syrup with different aconitic acid content are necessary. Batch 
clarification trials on a larger scale looking at removals at recommended conditions and 
examining sugar recovery from the juice would help in answering some of the questions 
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A1. Aconitic Removal  
Aconitic acid removal (AAR) was calculated based on the difference between initial aconitic acid 
and final aconitic acid in analyzed sample. Initial aconitic acid was taken to be 1500ppm in 
synthetic juice (SJ) and 6000ppm in concentrated synthetic juice (CSJ) based on batch averages. 
The acid removal was represented as a percentage of the initial acid concentration. Final aconitic 
acid content of the sample was taken as the sum of the trans and cis aconitic acid left in the 
sample. 




Cis aconitic acid formed was calculated as follows: 
 
Eq A2: Cis aconitic acid formed in SJ.            
Calculation of removal of all other compounds was represented as a percentage of the initial 
weight of the compound.  
A2 
Defecant concentrations were used in excess of the balanced stocheiometric amount. 
Calcium: 
 
100% calcium defecant concentration was taken as approximately 0.2870g CaCl2 (0.1043g Ca++) 














2 23 OHCCaOHCCa →+ −+
AAtransAAcisfinalAAppm +=
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Magnesium and Calcium combination: 
 
100% magnesium and calcium concentration was taken as approximately 0.5556g (0.1374g Mg 
++) magnesium chloride and 0.2870g CaCl2 (0.1043g Ca++) in 100ml SJ, and 2.2224g (0.5496g 
Mg ++) and CSJ 1.148g CaCl2 (0.4172g Ca++) per 100ml solution of CS. 
A3 
Input values for the mass balance around the filter station were obtained from mill reports from 
Cora Texas for the 2001 milling season. Assumptions were made on flash and filter retention 








Table A1  Laboratory Juice and Filter cake analysis 
Cora Texas filter cake Aconitate content     
Sample    
Filter cake g   5.0929  
( Raw from filter station)   
Deionized water ml 100  
Dilution factor  19.64  
HPLC results   
Sample 1    (PPM) 484  
Sample 2   (PPM)  477  
Cora Texas Juice Aconitate content   
HPLC results    
CT WK A  (PPM)                                                                               1032   
26362
223








Table A2 Mass balance around filters and clarifiers (Cora Texas)     
Input          
Cane Flow t/hr         
Filter wash index  555.7      
Bagacillo flow kg/ton cane  100.0      
Bagacillo moisture %  12.0      
Bagacillo DS %  50.0      
Lime kg/ton cane  2.5      
Baume  0.5      
Filter Cake moisture %   12.0      
Filter Cake DS %  73.0      
Filter retention %  6.0      
Underflow susp solids %  0.9      
Mixed Juice quantity % cane  4.0      
Mixed Juice DS % 93.1      
Mixed Juice susp. Soilds %  15.0      
Heated Juice Temp. C  0.8      
Flash ton/hr  104.0      
Aconitate in draft juice 
ppm   3.8      
Aconitate in cake ppm 1000.0      
  500.0      
         
     Insoluble Solids   
Draft juice  Ton/hr % DS Moisture % % Ton/hr Ton DS/hr % Cane 
Lime  517.2 15.0 84.2 0.8 4.1 77.8 93.1 
Flash  2.7 10.4 89.6 0.0 0.0 0.3 0.5 
Flow to Clarifier  3.8      0.7 
Bagacillo 630.0   0.8 4.9  121.8 
Underflow  6.7 2.5 50.0 47.5 3.2 0.2 1.3 
Muds to Filter  123.7   4.0 4.9  23.9 
Cake 130.4   6.2 8.1  25.2 
Clear juice  34.8 6.0 73.0 21.0 7.3 2.1 6.7 
Water  506.3 15.0 85.0   76.1 97.9 
Filtrate  18.3      3.5 
Aconitate in mixed juice 
ton/hr  113.9   0.7 0.8  22.0 
Aconitate in Cake ton/hr 0.5172       
Aconitate removed % 0.0174       
 3.4       
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Figure B.1 : Plot of AAR vs pH in SJ at Approximately 15 Brix using 






















Figure B.2:Effect of pH on AAR from CSJ at 95oC with Calcium 
























Figure B.3: pH Effects onAAR form CSJ with Calcium Defecant at 


























Figure B.4:Effect of pH on AAR from CSJ with Calcium Defecant at 




















Figure B.5 :pH Effects on AAR from CSJ with Calcium/Magnesium 
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BATCH ACONITIC ACID REMOVAL 
 











Exp code % Sto. ppm pH Ca++ A.A. A.A.cis SO4-- PO4--- Ca
++ A.A SO4-- PO4--- AACF
2-50A 50 434 7.52 360 1104 9 233 35 17 26 29 73 1
2-50B 50 489 7.03 482 1368 17 259 8 1 9 21 94 1
4-50A 50 449 6.64 418 1458 19 266 0 7 3 19 100 1
4-50B 50 475 6.67 460 1466 16 276 35 3 2 16 74 1
6-50A 50 435 8.01 337 1393 11 274 51 23 7 16 61 1
6-50B 50 436 7.50 371 1435 9 253 0 15 4 23 100 1
7-50A 50 437 7.12 316 1442 4 198 0 28 4 39 100 0
7-50B 50 448 7.45 368 1412 8 185 0 18 6 43 100 1
9-50A 50 457 7.34 347 1153 6 301 0 24 23 8 100 0
9-50B 50 434 7.45 409 1254 2 305 0 6 16 7 100 0
10-50A 50 435 7.43 341 1274 5 258 0 22 15 21 100 0
10-50B 50 434 7.81 358 1377 6 271 0 18 8 17 100 0
2-100-A 100 1254 7.01 1050 1229 6 260 14 16 18 21 89 0
3-100-A 100 1239 7.27 1109 1401 15 267 2 11 7 18 98 1
4-100-A 100 1239 6.81 962 1486 6 281 0 22 1 14 100 0
Initial Final Removed
Ca++ Conc. Final conc. ppm %
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Exp code % Sto. ppm pH Ca++ A.A. A.A.cis SO4-- PO4--- Ca
++ A.A SO4-- PO4--- AACF
4-100-B 100 1211 6.89 405 1302 9 267 0 67 13 18 100 1
6-100-A 100 1214 7.25 914 1348 15 236 0 25 10 28 100 1
6-100-B 100 1219 7.08 1028 1385 20 234 0 16 8 28 100 1
7-100-A 100 1213 8.16 586 1405 15 249 0 52 6 24 100 1
7-100-B 100 1238 7.46 891 1400 26 84 0 28 7 74 100 2
9-100-A 100 1248 7.27 612 1267 4 263 0 51 16 20 100 0
10-100-A 100 1216 7.17 937 1315 7 246 0 23 12 25 100 0
10-100-B 100 1219 7.26 1041 1323 8 245 0 15 12 25 100 1
11-150-A 150 1618 7.20 1481 1422 54 265 29 8 5 19 78 4
11-150-B 150 1610 7.35 1425 1425 19 281 0 12 5 14 100 1
12-150-A 150 1631 7.81 1420 1471 11 321 55 13 2 2 58 1
13-150-A 150 1617 7.03 1469 1371 12 102 18 9 9 69 86 1
14-150-A 150 1606 7.70 1477 1337 9 266 19 8 11 19 86 1
14-150-B 150 1638 7.94 1479 1389 9 266 13 10 7 19 91 1
15-150-A 150 1609 7.25 1501 1455 10 301 22 7 3 8 84 1
15-150-B 150 1612 7.24 1442 1442 10 303 12 11 4 7 91 1
Initial Final Removed
Ca++ Conc. Final conc. ppm %
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Exp code % Sto. ppm ppm Ca++ Mg++ A.A. AA cis SO4-- PO4--- Ca
++ Mg++ A.A SO4-- PO4--- AACF
19-50-A 50 456 219 7.25 375 140 1246 174 320 54 18 36 5 3 67 12
20-50-A 50 450 227 7.35 344 136 1291 175 314 68 24 40 2 5 58 12
20-50-B 50 446 223 7.14 348 144 1220 178 321 50 22 35 7 3 69 9
21-50-A 50 448 232 7.14 373 157 1037 131 275 57 17 32 22 17 65 12
21-50-B 50 445 237 7.52 382 153 1020 175 294 57 14 36 20 11 65 19
22-50-A 50 462 222 7.34 370 133 1094 283 278 47 20 40 8 16 71 19
22-50-B 50 453 236 7.38 346 131 1069 290 299 43 24 44 9 10 74 10
23-50-A 50 447 235 7.45 305 134 1176 150 292 24 32 43 12 12 85 11
23-50-B 50 454 236 7.25 391 161 1157 161 296 30 14 32 12 10 82 11
24-50-A 50 439 218 7.33 303 216 1155 159 299 25 31 1 12 10 84 11
24-50-B 50 461 219 7.50 364 187 1159 164 296 54 21 15 12 11 67 12
25-50-A 50 452 228 8.00 354 152 1302 176 290 0 22 33 1 12 100 11
25-50-B 50 464 220 7.95 390 198 1272 170 266 0 16 10 4 20 100 12
26-50-A 50 448 232 8.02 364 187 1082 174 294 26 19 19 16 11 84 10
27-50-A 50 472 238 7.99 300 197 1167 149 277 50 36 17 12 16 69 10
27-50-B 50 469 222 8.04 281 198 1128 154 265 51 40 11 15 20 69 11
28-50-A 50 482 235 8.05 347 221 1158 160 262 43 28 6 12 21 74 10
28-50-B 50 450 236 8.06 378 201 1140 154 265 47 16 15 14 20 71 6
29-50-A 50 476 216 8.00 270 103 1204 97 315 0 43 52 13 5 100 7
29-50-B 50 464 227 8.03 368 152 1200 104 312 0 21 33 13 6 100 14
19-100-A 100 852 443 7.25 815 349 1177 211 325 75 4 21 7 2 54 13
19-100-B 100 859 449 7.42 768 331 1090 201 326 66 11 26 14 1 60 14
20-100-A 100 866 449 7.35 780 360 1127 205 306 70 10 20 11 8 57 15
20-100-B 100 865 448 7.14 788 355 1214 219 319 80 9 21 4 3 51 14
21-100-A 100 868 460 7.01 807 378 1025 207 266 57 7 18 18 20 65 21
22-100-A 100 852 435 7.34 804 332 1175 311 296 38 6 24 1 11 77 21
Initial Final Removed
Ca++ Conc. Final conc. ppm %
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Exp code % Sto. ppm ppm Ca++ Mg++ A.A. AA cis SO4-- PO4--- Ca
++ Mg++ A.A SO4-- PO4--- AACF
22-100-B 100 883 441 7.38 783 331 1086 312 307 34 11 25 7 7 79 11
23-100-A 100 839 455 7.45 746 360 1098 171 296 45 11 21 15 10 72 11
23-100-B 100 847 451 7.25 747 367 1119 172 304 31 12 19 14 8 81 12
24-100-A 100 857 454 7.33 796 406 1187 173 304 28 7 11 9 8 83 11
24-100-B 100 849 446 7.50 703 371 1159 169 329 0 17 17 12 0 100 13
25-100-A 100 848 446 8.00 753 417 1231 202 279 0 11 6 4 15 100 10
25-100-B 100 888 422 7.95 750 415 1267 144 291 0 16 2 6 12 100 13
26-100-A 100 849 455 8.02 804 418 1119 189 292 0 5 8 13 12 100 12
26-100-B 100 854 438 7.97 751 396 1060 176 279 3 12 10 18 16 98 11
27-100-A 100 867 456 7.99 804 399 1091 162 286 41 7 12 16 13 75 11
27-100-B 100 885 452 8.04 678 409 1090 165 264 44 23 10 16 20 73 11
28-100-A 100 843 476 8.05 751 393 1147 167 269 0 11 17 12 19 100 12
28-100-B 100 886 450 8.06 784 377 1156 179 261 0 12 16 11 21 100 8
29-100-A 100 888 462 8.00 726 373 1134 122 329 0 18 19 16 1 100 8
29-100-B 100 847 444 8.03 749 321 1134 124 326 0 12 28 16 1 100 13
19-150-A 150 1267 668 7.34 1191 550 1112 198 289 62 6 18 13 12 62 13
19-150-B 150 1252 663 7.25 1176 531 1048 202 291 52 6 20 17 12 68 14
20-150-A 150 1302 665 7.85 1276 585 1139 213 311 86 2 12 10 6 48 13
20-150-B 150 1306 662 7.35 1235 565 1011 192 305 83 5 15 20 8 50 19
21-150-A 150 1286 660 7.98 1245 395 1070 288 293 54 3 40 9 11 67 19
21-150B 150 1275 689 7.12 1223 589 1038 289 301 44 4 14 12 9 73 24
22-150-B 150 1301 667 7.50 1215 515 1067 365 307 32 7 23 5 7 80 12
23-150-A 150 1267 674 7.54 1202 600 1092 179 300 0 5 11 15 9 100 12
23-150-B 150 1261 677 7.32 1212 631 1070 187 303 39 4 7 16 8 76 11
24-150-A 150 1266 667 7.31 1222 618 1112 169 328 26 3 7 15 1 84 12
24-150-B 150 1279 665 7.32 1254 630 1116 179 321 32 2 5 14 3 80 12
25-150-A 150 1305 678 7.95 1175 615 1186 174 273 0 10 9 9 17 100 12
25-150-B 150 1329 676 7.99 1232 614 1191 186 299 0 7 9 8 9 100 12
26-150-A 150 1281 692 7.95 1224 639 985 173 280 0 4 8 23 15 100 12
26-150-B 150 1278 667 7.93 1125 644 1028 175 271 0 12 4 20 18 100 12
27-150-A 150 1323 676 8.03 1302 635 1088 177 263 90 2 6 16 20 45 12
27-150-B 150 1310 673 8.00 1262 637 1090 182 270 40 4 5 15 18 76 12
28-150-A 150 1265 694 8.00 1201 592 1150 180 288 0 5 15 11 13 100 11
28-150-B 150 1241 625 8.03 1101 598 1108 170 262 0 11 4 15 21 100 9
29-150-A 150 1319 665 8.03 1250 626 1096 133 329 0 5 6 18 0 100 8
29-150-B 150 1323 680 8.00 1234 611 1092 126 330 0 7 10 19 0 100 0
Initial Final Removed
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Exp code % Sto. ppm pH Ca++ A.A.trans. A.A. cis. SO4-- PO4--- Ca
++ A.A SO4-- PO4--- AACF
36-50-A 50 2095 8.1 1032 3247 525 761 146 51 37 42 78 9
36-50-B 50 2079 8.1 1944 4188 1255 850 233 7 9 36 64 21
37-50-A 50 2096 9.0 1349 4517 813 924 0 36 11 30 100 14
37-50-B 50 2100 8.0 1349 4258 1173 474 0 36 9 64 100 20
38-50-A 50 2051 8.5 1382 4326 1001 907 0 33 11 31 100 17
47-50-A 50 2077 6.5 1022 2978 834 840 56 51 36 37 91 14
47-50-B 50 2094 6.7 1202 3116 785 1097 169 43 35 17 74 13
48-50-A 50 2116 7.0 974 4120 169 1147 179 54 29 13 73 3
48-50-B 50 2120 9.6 1050 3902 469 1160 161 50 27 12 75 8
36-100-A 100 4181 8.1 2834 3156 773 737 0 32 35 44 100 13
36-100-B 100 4159 8.1 3326 3618 1169 859 203 20 20 35 69 19
37-100-A 100 4161 8.0 3478 4441 917 725 0 16 11 45 100 15
37-100-B 100 4170 8.1 2850 3880 1065 465 0 32 18 65 100 18
38-100-A 100 4192 8.5 2895 3890 956 556 0 31 19 58 100 16
47-100-A 100 4183 7.0 2930 2946 759 1070 161 30 38 19 75 13
47-100-B 100 4178 7.0 2762 3045 812 1076 167 34 36 19 75 14
48-100-A 100 4178 6.8 2316 3887 197 1160 197 45 32 12 70 3
48-100-B 100 4145 7.0 2569 3834 187 1133 187 38 33 14 71 3
36-150A 150 6239 7.9 4612 3267 1020 744 154 26 29 44 76 17
36-150-B 150 6210 7.8 4445 3247 1048 768 129 28 28 42 80 17
37-150-A 150 6260 8.2 4731 4288 1203 544 0 24 8 59 100 20
37-150-B 150 6225 7.9 4636 4239 1051 529 0 26 12 60 100 18
38-150-A 150 6211 8.5 4884 3663 1083 386 0 21 21 71 100 18
47-150-A 150 6128 6.8 3879 2961 821 1099 156 37 37 17 76 14
47-150-B 150 6129 7.1 4258 2976 852 1070 157 31 36 19 76 14
48-150-A 150 6236 8.9 4236 3267 505 1108 0 32 37 16 100 8
48-150-B 150 6139 7.1 4158 3630 201 1132 0 32 36 14 100 3
RemovedFinalInitial
Ca++ Conc. PPM %
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Exp code % Sto. ppm ppm pH Ca++ Mg++ A.A. cis A.A.trans SO4-- PO4--- Ca
++ Mg++ A.A SO4-- PO4--- AACF
40-50-A 50 2075 2858 8.01 1147 2288 887 3630 1080 74 45 20 25 18 89 15
41-50-A 50 2105 2904 7.95 1340 2111 974 3212 1089 156 36 27 30 17 76 16
41-50-B 50 2136 2933 7.93 1304 2083 932 3004 1016 152 39 29 34 23 77 16
42-50-A 50 2142 2856 6.81 1633 2434 981 3734 1168 168 24 15 21 12 74 16
42-50-B 50 2168 2856 6.96 1351 2138 1028 3587 1092 179 38 25 23 17 73 17
43-50-A 50 2065 2851 7.51 1549 2336 821 2960 1064 203 25 18 37 19 69 14
43-50-B 50 2126 2847 7.50 1676 2466 907 3119 1129 207 21 13 33 14 68 15
44-50-A 50 2152 2864 7.64 1247 1986 365 3960 1134 413 42 31 28 14 37 6
44-50-B 50 2152 2841 9.22 1377 2268 597 3639 1157 420 36 20 29 12 36 10
45-50-A 50 2149 2927 8.56 1315 2308 527 3651 1137 337 39 21 30 14 49 9
45-50-B 50 2172 2914 6.66 1210 2261 281 3935 1082 311 44 22 30 18 53 5
40-100-A 100 4257 5667 7.91 2997 4105 1019 2784 914 88 30 28 37 31 87 17
41-100-A 100 4107 5713 7.89 2702 3584 958 2728 1024 202 34 37 39 22 69 16
41-100-B 100 4400 5674 8.01 2786 3762 975 2766 990 245 37 34 38 25 63 16
42-100-A 100 4137 5831 6.67 2947 4490 969 3472 1049 152 29 23 26 21 77 16
42-100-B 100 4146 5951 6.86 3143 4786 1037 3456 1164 195 24 20 25 12 70 17
43-100-A 100 4214 5764 7.45 2883 4170 879 2810 1068 203 32 28 39 19 69 15
43-100-B 100 4069 5718 7.40 2935 4125 897 2813 1086 189 28 28 38 18 71 15
44-100-A 100 4202 5704 8.83 3220 4543 383 3237 1077 437 23 20 40 18 33 6
44-100-B 100 4198 5720 8.47 2890 4201 704 3754 1098 541 31 27 26 17 18 12
45-100-A 100 4150 5763 6.69 2750 4454 248 3763 1075 369 34 23 33 19 44 4
45-100-B 100 3384 5833 7.75 2638 4320 417 3719 1072 366 22 26 31 19 44 7
41-150-A 150 6264 8639 7.97 3926 5146 992 2602 1003 340 37 40 40 24 48 17
41-150-B 150 6296 8478 7.91 3983 5704 1043 2870 952 489 37 33 35 28 26 17
42-150-A 150 6210 8544 6.64 4756 6788 1010 3196 1059 183 23 21 30 20 72 17
42-150-B 150 6367 8654 6.63 4671 6626 1005 3180 1070 186 27 23 30 19 72 17
43-150-A 150 6028 8646 7.42 3776 5639 873 2550 976 214 37 35 43 26 67 15
43-150-B 150 6045 8730 7.44 4118 6004 630 2647 1046 243 32 31 45 21 63 11
44-150-A 150 6233 8573 8.69 5050 6545 759 2862 1134 201 19 24 40 14 69 13
44-150-B 150 6245 8639 8.47 4207 6061 362 3295 1102 233 33 30 39 17 65 6
45-150-A 150 6232 8484 7.12 4357 6506 510 3453 1033 328 30 23 34 22 50 8
45-150-B 150 6214 8614 6.37 4413 6776 346 3672 1028 327 29 21 33 22 50 6
Initial Final Removed
Ca++ Conc. Final conc. ppm %
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Table D5: Temperature Effects on  AAR (Set 5) 
 Initial Final Removed Formed 
 Ca++ Mg++ Temp pH Final conc. ppm % 
Exp code ppm ppm oC  Ca++ Mg++ AA cis A.A. trans SO4-- PO4--- Ca++ Mg++ A.A SO4-- PO4--- AACF 
57-100-A2 1041 1451 75 7.59 904 1341 204 1267 360 48 13 8 2 0 73 7 
57-100-B2 1059 1511 75 7.45 848 1276 156 1024 276 36 20 16 21 23 79 14 
57-100-C1 1137 1537 75 7.44 861 1294 142 1100 295 38 24 16 17 18 78 10 
58-100-A1 1079 1447 75 7.48 872 1221 172 1165 322 47 19 16 11 10 73 0 
58-100-A2 1071 1429 75 7.49 890 1240 176 1229 335 47 17 13 6 6 73 11 
58-100-B1 1067 1477 75 7.47 898 1303 203 1228 346 46 16 12 5 3 74 12 
58-100-B2 1100 1439 75 7.47 854 1190 197 1195 342 47 22 17 7 4 73 14 
58-100-C1 1067 1431 75 7.48 885 1309 220 1202 347 47 17 9 5 3 73 13 
58-100-C2 1057 1461 75 7.50 944 1386 226 1219 356 46 11 5 4 0 73 15 
59-100-A1 1098 1485 75 7.48 876 1249 142 1025 271 33 20 16 7 6 76 6 
59-100-A2 1105 1428 75 7.50 887 1208 175 984 267 33 20 15 7 7 77 9 
59-100-B1 1072 1450 75 7.48 932 1344 164 1020 272 32 13 7 5 6 77 12 
59-100-B2 1110 1433 75 7.47 937 1304 181 1004 273 32 16 9 5 5 78 11 
59-100-C1 1100 1417 75 7.48 929 1273 186 1061 288 32 16 10 0 0 78 12 
60-100-A1 1140 1394 35 7.58 930 1199 95 1247 314 41 18 14 11 3 73 7 
60-100-B1 1085 1431 35 7.47 913 1293 93 1215 309 40 16 10 13 4 74 6 
60-100-B2 1086 1430 35 7.49 865 1220 95 1211 315 49 20 15 13 2 68 6 
60-100-C1 1063 1433 35 7.57 840 1243 94 1261 323 37 21 13 10 0 76 6 
61-100-B2 1073 1461 35 7.45 970 1360 60 802 209 34 10 7 4 5 70 5 
61-100-C1 1084 1495 35 7.56 1002 1429 56 815 210 32 8 4 3 5 72 4 
61-100-C2 1137 1431 35 7.48 1030 1343 56 821 212 35 9 6 2 4 69 4 
62-100-A1 1066 1429 95 7.41 869 1207 197 984 274 40 19 16 21 23 73 6 
62-100-A2 1104 1431 95 7.42 1001 1205 377 1048 328 65 9 16 5 8 57 13 
62-100-B1 1081 1483 95 7.43 990 1398 309 951 284 41 8 6 16 20 73 25 
62-100-B2 1092 1420 95 7.47 1060 1414 364 950 302 60 3 0 12 15 60 21 
62-100-C1 1107 1452 95 7.41 1064 1495 355 959 355 51 4 0 12 0 66 24 
62-100-C2 1081 1520 95 7.43 1012 1393 352 950 297 47 6 8 13 16 68 24 
63-100-B1 1073 1469 95 7.51 714 1038 360 1141 345 73 33 29 0 1 50 0 
63-100-C1 1105 1439 95 7.45 707 989 373 1119 349 69 36 31 1 0 52 23 
63-100-C2 1091 1435 95 7.44 687 904 332 1007 313 51 37 37 11 10 65 25 
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Table D6: SJ Trials with varying Times and all other Variables Fixed (Set 6) 
 
 Initial Conditions Final      Removed    
 Concentration Temp. pH Time Ca++ Mg++ Final conc. ppm    %     % 
Exp code g/100ml % Defc oC  min ppm ppm Ca++ Mg++ A.A. cis A.A. SO4
-- PO4--- Ca++ Mg++ A.A SO4-- PO4--- AACF 
64-100-A1 15 100 95 7.45 25 1077 1430 941 1325 293 993 309 41 13 7 14 6 73 20 
64-100-A2 15 100 95 7.46 25 1101 1477 1021 1431 314 989 314 38 7 3 13 5 74 21 
64-100-B1 15 100 95 7.46 25 1085 1434 950 1292 282 1004 312 37 12 10 14 5 75 19 
64-100-B2 15 100 95 7.51 25 1124 1428 995 1299 295 971 307 38 11 9 16 7 75 20 
64-100-C1 15 100 95 7.47 25 1102 1433 976 1333 274 961 295 35 11 7 18 10 76 18 
64-100-C2 15 100 95 7.61 25 1135 1440 1045 1363 284 959 301 35 8 5 17 9 76 19 
65-100-A1 15 100 95 7.45 60 1077 1430 938 1328 309 1051 319 52 13 7 9 3 66 21 
65-100-A2 15 100 95 7.46 60 1101 1477 1011 1434 322 1030 321 47 8 3 10 3 69 21 
65-100-B1 15 100 95 7.46 60 1085 1434 944 1298 287 1046 315 43 13 9 11 5 72 19 
65-100-B2 15 100 95 7.51 60 1124 1428 978 1293 288 1027 311 40 13 9 12 6 73 19 
65-100-C1 15 100 95 7.47 60 1102 1433 964 1345 289 1013 310 40 12 6 13 6 73 19 
65-100-C2 15 100 95 7.61 60 1135 1440 1043 1374 297 1042 326 66 8 5 11 1 56 20 
66-100-A1 15 100 95 7.45 90 1077 1430 959 1347 322 1042 326 66 11 6 9 1 56 21 
66-100-A2 15 100 95 7.46 90 1101 1477 1042 1462 336 1016 321 52 5 1 10 3 66 22 
66-100-B1 15 100 95 7.46 90 1085 1434 975 1344 290 1016 314 46 10 6 13 5 69 19 
66-100-B2 15 100 95 7.51 90 1124 1428 994 1309 316 1009 314 46 12 8 12 5 69 21 
66-100-C1 15 100 95 7.47 90 1102 1433 965 1319 293 1021 314 43 12 8 12 5 71 20 
66-100-C2 15 100 95 7.61 90 1135 1440 1079 1376 305 1026 321 49 5 4 11 3 67 20 
Average   7.49  1104 1440             




























Exp code Brix  Sto Temp pH Def ppm ppm Ca++ Mg++ A.A.trans A.A. cis SO4-- PO4--- CaR MgR AAR SOR POR AACF
68-50-A 15 50 75 6.5 Ca 578 _ 392 _ 1302 145 338 35 32 _ 3 2 79 10
68-50-B 15 50 75 7.0 Ca 618 _ 375 _ 1253 201 341 32 39 _ 3 1 81 13
68-50-C 15 50 75 7.5 Ca 530 _ 361 _ 1341 130 350 31 32 _ 2 0 82 9
68-50-D 15 50 75 8.0 Ca 572 _ 352 _ 1251 189 330 32 38 _ 4 4 81 13
68-100-A 15 100 75 6.5 Ca 1084 _ 856 _ 1110 191 276 21 21 _ 13 20 87 13
68-100-B 15 100 75 7.0 Ca 1098 _ 639 _ 1099 187 280 15 42 _ 14 19 91 12
68-100-CR 15 100 75 7.5 Ca 1101 _ 985 _ 1113 83 272 26 10 _ 20 17 85 6
68-100-CR 15 100 75 7.5 Ca 1119 _ 1074 _ 1144 79 277 24 4 _ 18 16 86 5
68-100-DR 15 100 75 8.0 Ca 1175 _ 1115 _ 1062 260 302 25 5 _ 12 8 85 17
68-150-A 15 150 75 6.5 Ca 1609 _ 1284 _ 1125 167 299 25 20 _ 14 13 85 11
68-150-B 15 150 75 7.0 Ca 1558 _ 1214 _ 1029 99 273 15 22 _ 25 21 91 7
69-50-A 15 50 75 6.5 CaMg 548 744 514 747 1226 204 329 88 6 0 5 5 48 14
69-50-B 15 50 75 7.0 CaMg 557 722 461 649 1198 197 320 55 17 10 7 7 67 13
69-50-C 15 50 75 7.5 CaMg 545 731 415 561 1161 186 316 47 24 23 10 8 72 12
69-50-D 15 50 75 8.0 CaMg 575 722 443 637 1148 191 313 40 23 12 11 9 76 13
69-150-C 15 150 75 7.5 Ca 1559 _ 1137 _ 1102 167 300 24 27 _ 15 13 86 11
69-150-D 15 150 75 8.0 Ca 1563 _ 511 _ 1120 190 309 15 67 _ 13 10 91 13
70-50-E 15 50 35 6.5 Ca 522 _ 400 _ 1248 20 289 98 23 _ 15 15 42 1
70-50-F 15 50 35 7.0 Ca 554 _ 398 _ 1265 19 302 58 28 _ 14 11 66 1
70-50-G 15 50 35 7.5 Ca 558 _ 416 _ 1301 21 307 54 25 _ 12 9 68 1
70-50-H 15 50 35 8.0 Ca 528 _ 390 _ 1316 18 307 41 26 _ 11 9 76 1
70-100-A 15 100 75 6.5 CaMg 1063 1437 952 1387 1114 269 322 49 10 3 8 5 71 18
70-100-B 15 100 75 8.0 CaMg 1081 1440 899 1300 1115 201 298 39 17 10 12 12 77 13
70-100-C 15 100 75 7.5 CaMg 1075 1422 960 1326 1162 144 298 40 11 7 13 12 77 10

















Exp code Brix  Sto Temp pH Def ppm ppm Ca++ Mg++ A.A.trans A.A. cis SO4-- PO4--- CaR MgR AAR SOR POR AACF
70-100-E 15 100 35 6.5 Ca 1043 _ 808 _ 1222 20 291 68 23 _ 17 14 60 1
70-100-F 15 100 35 7.0 Ca 1054 _ 803 _ 1096 17 260 46 24 _ 26 23 73 1
70-100-G 15 100 35 7.5 Ca 1051 _ 809 _ 1227 20 291 39 23 _ 17 14 77 1
70-100-H 15 100 35 8.0 Ca 1041 _ 771 _ 1269 21 300 33 26 _ 14 11 80 1
70-150-A 15 150 75 6.5 CaMg 1598 2179 1363 1937 1120 243 311 54 15 11 9 8 68 16
70-150-B 15 150 75 7.5 CaMg 1571 2158 1376 1975 1127 193 301 41 12 9 12 11 76 13
70-150-C 15 150 75 7.0 CaMg 1575 2166 1450 2074 1110 189 300 44 8 4 13 11 74 13
70-150-D 15 150 75 8.0 CaMg 1561 2166 1335 2032 1120 196 307 39 15 6 12 9 77 13
70-150-E 15 150 35 6.5 Ca 1559 _ 1289 _ 1244 21 297 47 17 _ 16 12 72 1
70-150-F 15 150 35 7.0 Ca 1583 _ 1446 _ 1212 21 294 78 9 _ 18 13 54 1
70-150-G 15 150 35 7.5 Ca 1549 _ 1266 _ 1150 13 274 73 18 _ 22 19 57 1
70-150-H 15 150 35 8.0 Ca 1562 _ 1414 _ 1251 13 294 68 10 _ 16 13 60 1
71-50-E 15 50 35 6.5 CaMg 580 731 538 660 1279 24 292 149 7 10 13 12 10 2
71-50-F 15 50 35 7.0 CaMg 527 710 499 676 1272 24 290 109 5 5 14 13 34 2
71-50-GR1 15 50 35 7.5 CaMg 514 718 501 747 1191 19 265 48 3 0 19 12 68 1
71-50-H 15 50 35 8.0 CaMg 521 712 458 687 1215 16 285 51 12 3 18 14 69 1
71-100-E 15 100 35 6.5 CaMg 1064 1437 881 1191 1094 15 244 100 17 17 26 27 39 1
71-100-F 15 100 35 7.0 CaMg 1056 1421 727 1438 1119 16 252 74 31 0 24 24 55 1
71-100-G 15 100 35 7.5 CaMg 1040 1344 678 926 1140 17 261 48 35 31 23 22 71 1
71-100-H 15 100 35 8.0 CaMg 1058 1438 712 1021 1176 16 272 36 33 29 21 18 78 1
71-150-E 15 150 35 6.5 CaMg 1579 2143 992 906 1204 14 271 123 37 58 19 19 26 1
71-150-F 15 150 35 7.0 CaMg 1592 2162 1089 993 1211 18 279 68 32 54 18 16 59 1
71-150-G 15 150 35 7.5 CaMg 1583 2207 1107 1555 1194 18 280 46 30 30 19 16 72 1
71-150-G-R 15 150 35 7.5 CaMg 1595 2141 1389 1889 1203 19 285 48 13 12 19 14 71 1
71-150-H 15 150 35 8.0 CaMg 1596 2141 1476 1943 1262 18 292 32 8 9 15 12 81 1
72-50-A 15 50 95 6.5 Ca 519 _ 324 _ 1132 241 325 31 38 _ 8 2 81 16
72-50-B 15 50 95 7.0 Ca 521 _ 351 _ 1051 263 308 29 33 _ 12 8 82 18
Initial Final Removed
Final conc. ppm %
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Exp code Brix  Sto Temp pH Def ppm ppm Ca++ Mg++ A.A.trans A.A. cis SO4-- PO4--- CaR MgR AAR SOR POR AACF
72-50-C 15 50 95 7.5 Ca 521 _ 343 _ 1146 161 301 29 34 _ 13 10 82 11
72-50-DR1 15 50 95 8.0 Ca 516 _ 400 _ 1108 241 279 15 23 _ 10 7 90 16
72-50-DR2 15 50 95 8.0 Ca 510 _ 440 _ 1082 304 285 15 14 _ 8 5 90 20
72-100-A 15 100 95 6.5 Ca 1057 _ 824 _ 1082 234 311 29 22 _ 12 7 82 16
72-100-B 15 100 95 7.0 Ca 1048 _ 820 _ 1061 272 311 23 22 _ 11 7 86 18
72-100-C 15 100 95 7.5 Ca 1078 _ 920 _ 1042 330 322 21 15 _ 9 3 87 22
72-100-D 15 100 95 8.0 Ca 1053 _ 941 _ 880 299 277 22 11 _ 21 17 87 20
72-150-A 15 150 95 6.5 Ca 1565 _ 1484 _ 923 293 282 21 5 _ 19 15 87 20
72-150-B 15 150 95 8.0 Ca 1559 _ 1380 _ 1063 260 306 21 11 _ 12 8 87 17
72-150-C 15 150 95 7.5 Ca 1564 _ 1248 _ 978 299 298 21 20 _ 15 11 87 20
72-150-D 15 150 95 7.0 Ca 1601 _ 1287 _ 809 154 224 20 20 _ 36 33 87 10
73-50-A 15 50 95 6.5 CaMg 569 732 463 618 1107 299 318 36 19 16 6 5 78 20
73-50-B 15 50 95 7.5 CaMg 571 711 486 650 1066 305 312 29 15 9 9 6 82 20
73-50-C 15 50 95 7.0 CaMg 536 723 464 671 1006 327 304 30 13 7 11 9 81 22
73-50-D 15 50 95 8.0 CaMg 534 711 468 661 1020 385 323 33 12 7 6 3 80 26
73-100-AR 15 100 95 6.5 CaMg 1050 1442 915 1315 999 332 296 34 13 9 11 1 77 22
73-100-AR 15 100 95 6.5 CaMg 1057 1435 925 1327 1044 336 281 28 12 8 8 6 81 22
73-100-B 15 100 95 7.0 CaMg 1044 1446 927 1324 949 358 299 31 11 8 13 10 81 24
73-100-C 15 100 95 7.5 CaMg 1071 1455 983 1375 1021 322 302 26 8 5 10 10 84 21
73-100-D 15 100 95 7.9 CaMg 1047 1449 1036 1473 1054 407 333 41 1 0 3 0 75 27
73-150-A 15 150 95 6.5 CaMg 1584 2117 1183 1626 1074 251 300 28 25 23 12 10 83 17
Initial Final Removed










Exp code Brix  Sto Temp pH Def ppm ppm Ca++ Mg++ A.A.trans A.A. cis SO4-- PO4--- CaR MgR AAR SOR POR AACF
73-150-B 15 150 95 7.0 CaMg 1574 2134 1649 2339 1050 333 316 27 0 0 8 5 84 22
73-150-C 15 150 95 7.5 CaMg 1540 2135 1464 2118 1046 344 315 25 5 1 7 6 85 23
73-150-D 15 150 95 7.9 CaMg 1552 2224 1449 2147 1163 162 296 23 7 3 12 11 86 11
74-50-A 60 50 75 6.5 Ca 2082 _ 1163 _ 4329 359 1134 168 44 _ 22 14 75 6
74-50-B 60 50 75 7.5 Ca 2085 _ 1163 _ 3313 407 930 127 44 _ 38 30 81 7
74-50-C 60 50 75 7.0 Ca 2093 _ 1110 _ 4115 279 1091 135 47 _ 27 17 80 5
74-50-D 60 50 75 8.0 Ca 2082 _ 1210 _ 3905 356 1064 133 42 _ 29 19 80 6
74-100-A 60 100 75 7.0 Ca 4171 _ 2842 _ 3099 326 804 88 32 _ 43 39 87 5
74-100-B 60 100 75 6.5 Ca 4152 _ 2739 _ 3238 395 852 93 34 _ 39 35 86 7
74-100-C 60 100 75 8.0 Ca 4104 _ 2769 _ 3461 483 904 88 33 _ 34 32 87 8
74-100-D 60 100 75 7.5 Ca 4130 _ 2745 _ 3423 491 903 98 34 _ 35 32 85 8
74-150-A 60 150 75 6.5 Ca 6261 _ 4321 _ 3522 462 907 89 31 _ 34 31 87 8
74-150-B 60 150 75 7.5 Ca 6219 _ 4230 _ 3604 520 1047 121 32 _ 31 21 82 9
74-150-C 60 150 75 7.0 Ca 6283 _ 3992 _ 3346 669 1009 135 36 _ 33 24 80 11
74-150-D 60 150 75 8.0 Ca 6197 _ 4093 _ 3495 483 966 55 34 _ 34 27 92 8
75-50-A 60 50 75 6.5 CaMg 2077 2833 1441 2174 3751 659 974 73 31 23 26 26 89 11
75-50-B 60 50 75 7.0 CaMg 2108 2882 1497 2362 3831 705 1004 69 29 18 24 24 90 12
75-50-C 60 50 75 7.5 CaMg 2078 2891 1330 2062 3040 628 823 69 36 29 39 38 90 10
75-50-D 60 50 75 8.0 CaMg 2097 2863 1437 2205 3495 956 997 64 32 23 26 24 91 16
75-100-A 60 100 75 6.5 CaMg 4215 5709 2849 4097 3388 913 977 80 32 28 28 26 88 15
75-100-B 60 100 75 7.0 CaMg 4221 5681 3071 4382 3478 900 982 70 27 23 27 26 90 15
75-100-C 60 100 75 8.0 CaMg 4175 5702 3004 4320 3724 594 980 68 28 24 28 26 90 10
75-100-D 60 100 75 7.5 CaMg 4189 5653 2816 4027 3234 697 892 64 33 29 34 32 90 12
75-150-A 60 150 75 7.0 CaMg 6236 8555 5037 7108 3982 522 1012 67 19 17 25 24 90 9
75-150-B 60 150 75 6.5 CaMg 6273 8556 4484 6443 3665 538 955 68 29 25 30 28 90 9
75-150-C 60 150 75 7.5 CaMg 6292 8575 4394 6245 3635 612 958 82 30 27 29 28 87 10
Initial Final Removed
Final conc. ppm %
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_ 3243 48 720 65 47 _ 45 46 90 1 
78-150-B 60 150 35 8.0 Ca 6284 _ 3026 _ 3402 84 858 147 52 _ 42 35 78 1 
78-150-C 60 150 35 7.0 Ca 6215 _ 3129 _ 3909 74 1006 86 50 _ 34 24 87 1 
78-150-D 60 150 35 7.5 Ca 6221 _ 3076 _ 3831 76 975 141 51 _ 35 26 78 1 
79-50-A 60 50 35 6.5 CaMg 2085 2761 1236 1674 3943 113 1012 121 41 39 32 23 81 2 
79-50-B 60 50 35 7.0 CaMg 2109 2868 1201 1886 4484 115 1147 151 43 34 23 13 77 2 
79-50-C 60 50 35 7.5 CaMg 2089 2929 1454 2263 4059 114 1075 117 30 23 30 19 82 2 
79-50-D 60 50 35 8.0 CaMg 2109 2867 1359 2099 4466 178 1162 77 36 27 23 12 88 3 
79-100-A 60 100 35 6.5 CaMg 4194 5740 2796 4256 4611 122 939 213 33 26 21 29 67 2 
79-100-B 60 100 35 7.0 CaMg 4188 5708 2770 4154 4742 122 955 207 34 27 19 28 68 2 
79-100-C 60 100 35 7.5 CaMg 4187 5676 2858 4283 4723 162 985 207 32 25 19 25 68 3 
60 100 35 8.0 CaMg 4191 5691 2850 4279 4273 77 985 124 32 25 28 25 81 1 
79-150-A 60 150 35 6.5 CaMg 6221 8549 3663 5439 2848 107 656 211 41 36 51 50 68 2 
79-150-B 60 150 35 7.0 CaMg 6217 8592 3953 5822 3374 82 771 116 36 32 42 42 82 1 
60 150 35 8.0 CaMg 6289 8564 4386 6465 3601 158 868 188 30 25 37 34 71 3 
60 150 35 7.5 CaMg 6281 8640 4299 6347 3713 134 891 184 32 27 36 33 72 2 
Initial Final Removed 
Final conc. ppm % 
Formed 
Ca ++ Mg ++ 
Exp code Brix  Sto Temp pH Def ppm ppm Ca ++ Mg ++ A.A.trans A.A. cis SO 4 -- PO 4 --- CaR MgR AAR SOR POR AACF 
78-50-B 60 50 35 7.5 Ca 2099 _ 1352 _ 4363 85 1057 223 36 _ 26 20 66 1 
78-50-C 60 50 35 8.0 Ca 2076 _ 737 _ 3370 88 836 80 65 _ 42 37 88 1 
78-50-D 60 50 35 7.0 Ca 2092 _ 986 _ 3405 65 764 242 53 _ 42 42 63 1 
78-100-A 60 100 35 8.0 Ca 4185 _ 1912 _ 3282 59 776 65 54 _ 44 41 90 1 
78-100-B 60 100 35 7.5 Ca 4145 _ 1751 _ 3749 41 899 95 58 _ 37 32 85 1 
78-100-CR1 60 100 35 6.5 Ca 4155 _ 2640 _ 4193 106 1005 146 36 _ 28 24 78 2 
78-100-CR2 60 100 35 6.5 Ca 4151 _ 2865 _ 4210 110 996 154 31 _ 28 25 76 2 
78-100-D 60 100 35 7.0 Ca 4236 _ 1839 _ 4138 21 994 127 57 _ 31 25 81 0 





Table D8a: Raw Juice Trials at 35 oC  




Exp code % Sto. ppm ppm pH Ca++ Mg++ A.A. SO4-- PO4--- Cis AA Ca++ Mg++ A.A SO4-- PO4--- AACF
CJ-A1 388 162 5.30 1162 455 183 49
51-50-A 50 914 876 6.59 798 867 1144 379 63 67 13 1 2 17 66 6
51-50-B 50 958 876 6.56 855 853 1147 374 58 57 11 3 1 18 68 5
51-100-A 100 1455 1662 6.52 1400 1233 1103 375 55 60 4 26 5 18 70 5
51-100-B 100 1544 1614 6.54 1417 1301 1079 370 62 70 8 19 7 19 66 6
51-150-A 150 1971 2448 6.59 1643 2143 1100 392 54 65 17 12 5 14 70 5
51-150-B 150 1993 2289 6.95 1876 1649 1076 387 63 69 6 28 7 15 66 6
53-50-A 50 512 665 7.48 501 616 740 310 10 72 2 7 32 42 92 10
53-50-B 50 541 747 7.49 498 702 878 349 9 78 8 6 19 34 93 10
53-100-A 100 1019 1467 7.54 841 1081 837 344 9 81 17 26 23 35 93 11
53-100-B 100 1076 1444 7.46 886 1097 836 349 9 87 18 24 23 34 93 12
53-150-A 150 1622 2159 7.47 1246 1519 825 340 9 85 23 30 24 36 93 11
53-150-B 150 1562 2203 7.56 1169 1492 844 350 8 89 25 32 22 34 94 12
50-50-A 50 1007 878 7.96 772 765 622 352 46 74 23 13 46 23 75 6
50-50-B 50 1021 880 8.05 742 754 679 370 48 74 27 14 42 19 74 6
50-100-A 100 1498 1603 7.94 1255 1502 620 364 55 68 16 6 47 20 70 6
50-100-B 100 1504 1702 7.91 874 1078 436 266 59 53 42 37 62 42 68 4
50-150-B 150 2008 2335 7.94 1706 1988 653 369 0 81 15 15 44 19 100 7
Initial Final Removed
Ca++ Conc. Final conc. ppm %
Form ed
Mg++
Exp code % Sto. ppm ppm pH Ca++ Mg++ A.A. SO4-- PO4--- Cis AA Ca++ Mg++ A.A SO4-- PO4--- AACF
JUICE 998 748 1338 367 306 71
84-100-A1 100 2582 748 7.45 1417 178 1223 337 28 55 45 76 13 8 91 0
84-100-A2 100 2582 748 7.45 1648 198 1279 381 36 65 36 74 9 0 88 0
84-100-B1 100 2549 748 7.45 1631 171 1259 352 37 60 36 77 11 4 88 0
84-100-B2 100 2549 748 7.45 1626 164 1265 347 33 59 36 78 10 5 89 0
84-100-C1 100 2571 748 7.48 1630 171 1270 358 34 59 37 77 10 3 89 0
84-100-C2 100 2571 748 7.48 1505 154 1251 350 33 58 41 79 11 5 89 0
Initial Final Removed
Ca++ Conc. Final conc. ppm %
 99 
APPENDIX E 
 DEFECANT CONCENTRATIONS 
Figure E1: Effect of Defecant Concentration on AAR From  CSJ 




































Figure E2:Effect of Defecant Concentartion on AAR from SJ with 






















































Figure E4 :Effect of Defecant Concentartions on Aconitic acid Removal 

















































 X-RAY DIFFRACTION  
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Table F1: 2-theta and d-spacing values for CaAA and CaMgAA contrast against values for  
Molasses sediment. Shaded areas depict values that correspond with 2-theta and   
d-spacing values for molasses sediment. 
 
MOLASSES SED.
2-Theta d(A) 2-Theta d(A) 2-Theta d(A) 2-Theta d(A)
10.4 8.5 10.3 8.5 11.5 7.7 10.3 8.5
12.7 7.0 12.0 7.4 12.5 7.1 12.0 7.4
14.0 6.3 12.6 7.0 13.8 6.4 12.6 7.0
17.6 5.0 13.7 6.5 14.7 6.0 13.7 6.5
18.8 4.7 14.0 6.3 15.7 5.6 14.0 6.3
19.3 4.6 14.3 6.2 16.8 5.3 14.3 6.2
20.1 4.4 17.5 5.1 17.1 5.2 17.5 5.1
20.7 4.3 18.7 4.8 18.1 4.9 18.7 4.8
22.2 4.0 19.2 4.6 18.3 4.8 19.2 4.6
22.4 4.0 20.0 4.4 20.9 4.2 20.0 4.4
23.6 3.8 20.7 4.3 22.1 4.0 20.7 4.3
24.9 3.6 22.1 4.0 22.4 4.0 22.1 4.0
25.8 3.4 22.4 4.0 23.1 3.8 22.4 4.0
27.6 3.2 22.8 3.9 23.6 3.8 22.8 3.9
28.5 3.1 23.5 3.8 24.6 3.6 23.5 3.8
29.7 3.0 24.2 3.7 25.2 3.5 24.2 3.7
30.1 3.0 24.8 3.6 25.7 3.5 24.8 3.6
31.0 2.9 25.8 3.5 26.2 3.4 25.8 3.5
31.5 2.8 26.6 3.3 27.4 3.2 26.6 3.3
32.0 2.8 27.5 3.2 29.3 3.0 27.5 3.2
33.9 2.6 28.5 3.1 29.9 3.0 28.5 3.1
35.0 2.6 28.9 3.1 30.4 2.9 28.9 3.1
35.3 2.5 30.0 3.0 31.0 2.9 30.0 3.0
35.6 2.5 30.4 2.9 31.7 2.8 30.4 2.9
37.3 2.4 30.9 2.9 32.8 2.7 30.9 2.9
38.0 2.4 31.4 2.8 33.7 2.7 31.4 2.8
39.8 2.3 31.9 2.8 34.3 2.6 31.9 2.8
41.3 2.2 32.2 2.8 35.0 2.6 32.2 2.8
41.7 2.2 33.8 2.7 35.4 2.5 33.8 2.7
43.0 2.1 35.2 2.5 36.5 2.5 35.2 2.5
43.1 2.1 35.5 2.5 36.9 2.4 35.5 2.5
43.2 2.1 37.2 2.4 37.3 2.4 37.2 2.4
44.8 2.0 37.9 2.4 38.1 2.4 37.9 2.4
45.0 2.0 39.7 2.3 40.2 2.2 39.7 2.3
45.3 2.0 40.2 2.2 40.6 2.2 40.2 2.2
47.8 1.9 41.3 2.2 41.7 2.2 41.3 2.2
48.0 1.9 41.5 2.2 42.8 2.1 41.5 2.2
48.8 1.9 43.3 2.1 43.1 2.1 43.3 2.1
49.5 1.8 44.2 2.0 44.5 2.0 44.2 2.0
50.0 1.8 44.8 2.0 44.9 2.0 44.8 2.0
51.0 1.8 45.1 2.0 45.6 2.0 45.1 2.0
52.3 1.7 46.4 2.0 46.3 2.0 46.4 2.0
56.3 1.6 47.9 1.9 46.9 1.9 47.9 1.9
58.6 1.6 48.9 1.9 47.2 1.9 48.9 1.9
60.0 1.5 49.7 1.8 47.6 1.9 49.7 1.8
51.0 1.8 48.0 1.9 51.0 1.8






CaMgAA CaAA MOLASSES SED.
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Table F2: 2-theta and d-spacing values for CaAA and precipitate from CSJ samples  
contrast with values for CaMgAA. Shaded areas depict values that correspond  
with 2-theta and   d-spacing values for CaMgAA. 
 
 
CaM gAA CaAA 45-100-A 37-50-A
2-Theta d(A) 2-Theta d(A) 2-Theta d(A) 2-Theta d(A)
10.4 8.5 11.5 7.7 8.4 10.6 11.6 7.6
12.7 7.0 12.5 7.1 11.7 7.6 16.1 5.5
14.0 6.3 13.8 6.4 12.8 6.9 20.7 4.3
17.6 5.0 14.7 6.0 13.2 6.7 22.4 4.0
18.8 4.7 15.7 5.6 15.5 5.7 22.5 3.9
19.3 4.6 16.8 5.3 16.3 5.4 22.7 3.9
20.1 4.4 17.1 5.2 16.7 5.3 22.8 3.9
20.7 4.3 18.1 4.9 18.2 4.9 23.4 3.8
22.2 4.0 18.3 4.8 18.9 4.7 29.1 3.1
22.4 4.0 20.9 4.2 19.6 4.5 31.1 2.9
23.6 3.8 22.1 4.0 20.4 4.3 33.3 2.7
24.9 3.6 22.4 4.0 20.9 4.3 34.5 2.6
25.8 3.4 23.1 3.8 22.1 4.0 35.4 2.5
27.6 3.2 23.6 3.8 22.5 3.9 36.6 2.5
28.5 3.1 24.6 3.6 23.6 3.8 40.6 2.2
29.7 3.0 25.2 3.5 24.1 3.7 43.6 2.1
30.1 3.0 25.7 3.5 24.8 3.6 45.5 2.0
31.0 2.9 26.2 3.4 25.2 3.5 47.8 1.9
31.5 2.8 27.4 3.2 26.5 3.4 50.3 1.8
32.0 2.8 29.3 3.0 27.4 3.2 51.1 1.8
33.9 2.6 29.9 3.0 27.7 3.2 56.7 1.6
35.0 2.6 30.4 2.9 28.4 3.1 60.3 1.5
35.3 2.5 31.0 2.9 28.7 3.1 63.7 1.5
35.6 2.5 31.7 2.8 30.6 2.9
37.3 2.4 32.8 2.7 31.0 2.9
38.0 2.4 33.7 2.7 31.3 2.9
39.8 2.3 34.3 2.6 32.0 2.8
41.3 2.2 35.0 2.6 32.6 2.7
41.7 2.2 35.4 2.5 33.0 2.7
43.0 2.1 36.5 2.5 33.5 2.7
43.1 2.1 36.9 2.4 34.8 2.6
43.2 2.1 37.3 2.4 36.2 2.5
44.8 2.0 38.1 2.4 37.0 2.4
45.0 2.0 40.2 2.2 37.3 2.4
45.3 2.0 40.6 2.2 38.3 2.3
47.8 1.9 41.7 2.2 38.9 2.3
48.0 1.9 42.8 2.1 39.9 2.3
48.8 1.9 43.1 2.1 40.5 2.2
49.5 1.8 44.5 2.0 41.3 2.2
50.0 1.8 44.9 2.0 41.6 2.2
51.0 1.8 45.6 2.0 43.6 2.1
52.3 1.7 46.3 2.0 43.9 2.1
56.3 1.6 46.9 1.9 46.5 2.0
58.6 1.6 47.2 1.9 47.1 1.9
60.0 1.5 47.6 1.9 47.7 1.9
48.0 1.9 48.2 1.9
49.8 1.8 50.2 1.8
49.9 1.8 50.9 1.8





Table F3: 2-theta and d-spacing values for precipitates from CSJ samples  
contrast with values for CaAA. Shaded areas depict values that correspond  
with 2-theta and   d-spacing values for CaAA. 
 
2-Theta d(A) 2-Theta d(A) 2-Theta d(A)
11.5 7.7 8.4 10.6 11.6 7.6
12.5 7.1 11.7 7.6 16.1 5.5
13.8 6.4 12.8 6.9 20.7 4.3
14.7 6.0 13.2 6.7 22.4 4.0
15.7 5.6 15.5 5.7 22.5 3.9
16.8 5.3 16.3 5.4 22.7 3.9
17.1 5.2 16.7 5.3 22.8 3.9
18.1 4.9 18.2 4.9 23.4 3.8
18.3 4.8 18.9 4.7 29.1 3.1
20.9 4.2 19.6 4.5 31.1 2.9
22.1 4.0 20.4 4.3 33.3 2.7
22.4 4.0 20.9 4.3 34.5 2.6
23.1 3.8 22.1 4.0 35.4 2.5
23.6 3.8 22.5 3.9 36.6 2.5
24.6 3.6 23.6 3.8 40.6 2.2
25.2 3.5 24.1 3.7 43.6 2.1
25.7 3.5 24.8 3.6 45.5 2.0
26.2 3.4 25.2 3.5 47.8 1.9
27.4 3.2 26.5 3.4 50.3 1.8
29.3 3.0 27.4 3.2 51.1 1.8
29.9 3.0 27.7 3.2 56.7 1.6
30.4 2.9 28.4 3.1 60.3 1.5
31.0 2.9 28.7 3.1 63.7 1.5
31.7 2.8 30.6 2.9
32.8 2.7 31.0 2.9
33.7 2.7 31.3 2.9
34.3 2.6 32.0 2.8
35.0 2.6 32.6 2.7
35.4 2.5 33.0 2.7
36.5 2.5 33.5 2.7
36.9 2.4 34.8 2.6
37.3 2.4 36.2 2.5
38.1 2.4 37.0 2.4
40.2 2.2 37.3 2.4
40.6 2.2 38.3 2.3
41.7 2.2 38.9 2.3
42.8 2.1 39.9 2.3
43.1 2.1 40.5 2.2
44.5 2.0 41.3 2.2
44.9 2.0 41.6 2.2
45.6 2.0 43.6 2.1
46.3 2.0 43.9 2.1
46.9 1.9 46.5 2.0
47.2 1.9 47.1 1.9
47.6 1.9 47.7 1.9
48.0 1.9 48.2 1.9
49.8 1.8 50.2 1.8
49.9 1.8 50.9 1.8






APPENDIX G  
SUMMARY OF STATISTICS OUT PUT                                             
Paramters Significance Estimate Std Error P-value Significance Estimate Std Error P-value
% %
Sucrose Most significant <0.0001 Most significant <0.0001
15g/100ml 16 2.3 14 0.6
60g/100ml most effective 33 2.4 most effective 31 0.6
Decfecant Conc. Highly significant <0.0001 Highly significant <0.0001
50% 22 2.4 19 0.8
100% 25 2.3 23 0.8
150% most effective 26 2.3 most effective 25 0.8
Temp. Significant 0.0003 Highly significant <0.0001
35 most effective 27 2.5 most effective 25 0.8
75 23 2.5 21 0.7
95 23 2.2 21 0.8
Defecant Significant 0.0017 Significant 0.0004
Ca++ most effective 26 2.4 most effective 24 0.6
Ca++/Mg++ 23 2.3 21 0.6
pH Not significant 0.0694 not significant 0.7306
6.5 26 2.5 21 0.9
7 27 2.4 23 0.9
7.5 most effective 26 2.2 most effective 23 0.9
8 26 2.3 22 0.9
Time Significant 0.0126 N/A
25 min most effective 25 3.4
60 min 20 1
90 min 20 3.4
Overall Sets SET 7
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Paramters Significance Estimate Std Error P-value Significance Estamate Std Error P-value Significance Estimate Std Error P-value
Sucrose N/A N/A N/A
15g/100ml
60g/100ml
Decfecant Conc. N/A N/A Significant 0.0269
50% 28 1.6
100% most effective 32 1.5
150% 37 1.8
Temp. N/A Significant 0.0222 N/A
35 9 3.2
75 7 2.3
95 most effective 19 3.5
Defecant N/A N/A N/A
Ca++
Ca++/Mg++




8 most effective 34 1.9
Time Significant 0.0004 N/A N/A
25 min Most effective 15 0.7
60 min 11 0.7
90 min 11 0.7
Set 6 Set 5 Set 4
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Paramters Significance Estimate Std Error P-value Significance Estimate Std Error P-value Significance Estimate Std Error P-value
Sucrose N/A N/A N/A
15g/100ml
60g/100ml
Decfecant Conc. not significant 0.564 not significant 0.1076 not significant 0.6471
50% 21 4.3 12 1.4 8 5
100% 25 4.4 12 1.3 most effective 12 6
150% most effective 30 5 most effective 15 1.4 5 4




Defecant N/A N/A N/A
Ca++
Ca++/Mg++
pH Not significant 0.0632 not significant 0.8095 not significant 0.554
6.5 40 9 3 7
7 most effective 35 5 19 5.2 11 5
7.5 13 2 most effective 23 7
8 12 6 most effective 13 1.03 7 7




Set 1Set 3 Set 2
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APPENDIX H  




Title'AA removal From Synthetic juice with Calcium as defecant (Set1)'; 
options nodate nocenter nonumber ps=55 ls=78; 
data set1; 
input obs Defc pH CAR AAR SOR AACF POR; 
cards;           
proc mixed data=set1; 
class  Defc pH ; 
model AACF=Defc pH/htype=3 outp=residdata; 
run; 
proc mixed data=set1 cl covtest; 
classes   Defc pH ; 
model AAR=Defc pH/htype=3 ddfm=satterthwaite outp=residdata; 




Title'AA removal From Synthetic juice with Calcium/Magnesium as 
defecant (Set1)'; 
options nodate nocenter nonumber ps=55 ls=78; 
data set2; 
input obs Defc pH CAR AAR SOR AACF POR; 
cards;           
proc mixed data=set1; 
class  Defc pH ; 
model AACF=Defc pH/htype=3 outp=residdata; 
run; 
proc mixed data=set1 cl covtest; 
classes   Defc pH ; 
model AAR=Defc pH/htype=3 ddfm=satterthwaite outp=residdata; 
lsmeans   Defc pH /pdiff adjust=tukey; 
 
H3 
Title'AA Removal from CSJ with Ca Defecant at fixed Temperature (Set 
3)'; 
options nodate nocenter nonumber ps=55 ls=78; 
data set3; 
input obs Defc pH CAR AAR SOR AACF POR; 
cards; 
proc mixed data=Set3; 
classes   Defc pH ; 
model AAR=Defc  pH ; 
lsmeans Defc pH /pdiff adjust=tukey; 
run; 
proc mixed data=Set3 cl covtest; 
classes   Defc  pH ; 
model AAR=DefcpH/htype=3 ddfm=satterthwaite outp=residdata; 
random set; 
run; 
proc mixed data=set3; 
class  Defc pH ; 





Title'AA Removal from SJ with Ca/Mg Defecant at fixed Temperature (Set 
4)'; 
options nodate nocenter nonumber ps=55 ls=78; 
data set4; 
input obs Defc pH CAR MgR AAR SOR AACF POR; 
cards;           
proc mixed data=Set4; 
classes   Defc pH ; 
model AAR= Defc  pH ; 
lsmeans Defc  pH  /pdiff adjust=tukey; 
run; 
proc mixed data=Set4 cl covtest; 
classes   Defc  pH ; 




H5        
Title'AA Removal from SJ with Ca/Mg Defecant with varying Temp (Set 
5)'; 
options nodate nocenter nonumber ps=55 ls=78; 
data set5; 
input obs Temp pH CAR MgR AAR SOR POR AACF ; 
cards;         
proc mixed data=set5; 
classes  Temp; 
model AAR=Temp ; 
lsmeans Temp /pdiff adjust=tukey; 
 
run; 
proc mixed data=set5 cl covtest; 
classes  Temp ; 




Title'Effect of time on % AA removal Set 6'; 
options nodate nocenter nonumber ps=55 ls=78; 
data set6; 




proc mixed data=set6; 
classes     Time; 
model AAR=  Time; 
lsmeans   Time/pdiff adjust=tukey; 
run; 
proc mixed data=set6 cl covtest; 
classes    Time; 





Title'Multiple parameter effect on AA Removal Set 7'; 
options nodate nocenter nonumber ps=55 ls=78; 
data set7; 
input obs DS Defc Temp pH Def $ AAR; 
cards; 
proc mixed data=set7; 
class DS Defc Temp pH Def ; 
model AAR = DS Defc Temp pH Def/htype=3 outp=residdata; 
run; 
proc mixed data=set7; 
classes   DS Defc Temp pH Def ; 
model AAR= DS Defc Temp pH Def ; 




Title'Multiple parameter effect on AA Removal (15 DS)7A'; 
options nodate nocenter nonumber ps=55 ls=78; 
data set7a; 
input obs DS Defc Temp pH Def $ AAR; 
cards; 
proc mixed data=set7a; 
class DS Defc Temp pH Def ; 
model AAR = DS Defc Temp pH Def/htype=3 outp=residdata; 
run; 
proc mixed data=set7a; 
class Temp; 
model AAR=Temp; 




Title'Multiple parameter effect on AA Removal (60 DS)'; 
options nodate nocenter nonumber ps=55 ls=78; 
data set7b; 
input obs DS Defc Temp pH Def $ AAR; 
cards; 
proc mixed data=set7b; 
class DS Defc Temp pH Def ; 
model AAR = DS Defc Temp pH Def/htype=3 outp=residdata; 
run; 
proc mixed data=set7b; 
class Temp; 
model AAR=Temp; 




  Title'Multiple parameter effect on AA Removal (Overall)'; 
options nodate nocenter nonumber ps=55 ls=78; 
data TotalA; 
input Set DS Defc Temp pH Def$ AAR MgR AACF SOR POR CAR Time; 
Cards; 
proc mixed data=Total; 
classes  Set DS Defc Temp pH Def Time; 
 112
model AAR=Set DS Defc Temp pH Def Time; 
lsmeans Set DS Defc Temp pH Def Time/pdiff adjust=tukey; 
run; 
 
proc mixed data=Total cl covtest; 
classes  Set DS Defc Temp pH Def Time; 
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